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ABSTRACT 
ABSTRACT 
Haliotis midae, is the only commercially important species of the six abalone species 
found in South African coastal waters and has become a lucrative commercial 
commodity.  Wild stocks of H. midae are, however, no longer commercially sustainable 
due to a combination of environmental factors and poaching.  The solution to the crisis is 
artificial production systems in the form of abalone farms.  An abalone enhancement 
programme was initiated in South Africa in 2006, funded by industry and government.  
This programme focuses on the elucidation of the abalone genome and genetic factors 
contributing to increased productivity, thereby aiding the commercial production of 
abalone. 
The aims of this study, the first of its kind concerning H. midae, were to develop AFLP-
based markers (specifically fluorescent AFLP analysis); to monitor the segregation of 
these markers in a single full-sib family and to use the markers and additional 
microsatellite markers to generate the first preliminary linkage map for H. midae. 
Genomic DNA of sufficient quality and purity for fluorescent AFLP analysis was 
obtained from 3.5-month-old H. midae juveniles.  Preliminary linkage maps were 
constructed using AFLP and microsatellite markers segregating in an F1 family following 
a pseudo-testcross mapping strategy.  Twelve AFLP primer combinations, producing 573 
segregating peaks, and 10 microsatellite markers were genotyped in the parents and 108 
progeny of the mapping family.  Of the 573 segregating AFLP peaks genotyped, 241 
segregated in a 1:1 ratio and 332 in a 3:1 ratio.  Of these AFLP markers, 90 segregated 
according to the expected 1:1 Mendelian ratio and 164 segregated according to the 
expected 3:1 Mendelian ratio at the P = 0.05 level and were used for linkage analysis.  Of 
the 10 microsatellite markers genotyped, nine were informative for linkage mapping 
analysis. 
Preliminary male and female genetic linkage maps were developed using markers 
segregating in the female or male parent.  A total of 12 and 10 linkage groups were 
detected for the female and male maps respectively.  The female map covered 1473.5cM 
and consisted of 56 markers, and the male map covered 738.9cM consisting of 30 
markers.  Markers with segregation distortion were observed as previously reported in 
other abalone species and potential homology between one of the linkage groups of the 




male map and two of the linkage groups of the female map were identified using the 3:1 
segregating AFLP markers. 
In conclusion, the genetic linkage map presented here, despite the fact that it has relatively 
low genome coverage and low marker density, forms an ideal starting point for more 
detailed study of the H. midae genome and will provide a scaffold for basic and applied 
studies in abalone.  A high-density linkage map of H. midae should in future be developed 
with additional co-dominant molecular markers, such as microsatellites, to improve the 
transferability of the linkage map between different laboratories and among populations.  
A high-density linkage map will facilitate the mapping of QTL of commercially important 
traits (i.e. growth) and future MAS breeding programmes. 
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OPSOMMING 
OPSOMMING 
Perlemoenspesie, Haliotis midae, is die enigste spesie van kommersiële belang van die 
ses wat in die kuswater van Suid-Afrika aangetref word en het ‘n winsgewende 
handelskommoditeit in Suid-Afrika geword.  Die ontginning van natuurlike H. midae 
populasies is egter, as gevolg van ‘n kombinasie van omgewingsfaktore en stropery nie 
meer kommersieel volhoubaar nie.  Die perlemoenkrisis kan die hoof gebied word deur 
kunsmatige produksiesisteme op perlemoenplase tot stand te bring.  ‘n Perlemoen 
verbeteringsprogram is in 2006 in Suid-Afrika geïnisieer en word deur die industrie en 
regering befonds.  Die program focus op die ontrafeling van die perlemoen genoom en die 
genetiese faktore wat bydrae tot verhoogde produksie.  Sodanige inligting kan gebruik 
word om kommersiële perlemoenproduksie te bevorder. 
Die doel van hierdie studie, die eerste met H. midae, is om AFLP-gebaseerde merkers 
(spesifiek fluoresserende AFLP analise) te ontwikkel; die segregasie van hierdie merkers 
te monitor in ‘n enkel volledige verwante familie en die merkers en addisionele 
mikrosatelliet merkers te gebruik om die eerste voorlopige koppelingskaart vir H. midae 
te genereer. 
Genomiese DNS van genoegsame kwaliteit en suiwerheid vir fluoresserende AFLP 
analise is ge-ekstraeer uit 3.5-maand-oue H. midae individue.  Voorlopige 
koppelingskaart is gekonstrueer deur van segregerende AFLP en mikrosatelliet merkers in 
‘n F1 familie gebruik te maak deur ‘n pseudo-kruistoets karteringstrategie te volg.  Twaalf 
AFLP inleier kombinasies, wat 573 segregerende fragmente geproduseer het, en 10 
mikrosatelliet merkers is gegenotipeer in die ouers en 108 individue van die nageslag van 
die karteringsfamilie.  Van die 573 segregerende AFLP merkers wat gegenotipeer is, het 
241 in ‘n 1:1 verhouding en 332 in ‘n 3:1 verhouding gesegregeer.  Van hierdie AFLP 
merkers, het 90 volgens die verwagte 1:1 Mendeliese verhouding en 164 volgens die 3:1 
Mendeliese verhouding by die P = 0.05 gesegregeer vlak en is vir die koppelingsanalise 
gebruik.  Van die 10 mikrosatelliet merkers gegenotipeer, was 9 informatief vir koppeling 
karteringsanalise. 
Voorlopige manlike en vroulike genetiese koppelingskaarte is ontwikkel met gebruik te 
maak van merkers wat in die manlike of vroulike ouer segregeer het.  ‘n Totaal van 12 en 
10 koppelingsgroepe is onderskeidelik in die vroulike en manlike karate gegenereer.  Die 




vroulike kaart dek 1473.5cM and bestaan uit 56 merkers, terwyl die manlike kaart 
738.9cM beslaan het met 30 merkers.  Merkers wat segregasie distorsie toon is 
waargeneem soos voorheen in ander perlemoenspesies gerapporteer.  Potensiële 
ooreenstemming tussen een van die koppelingsgroepe van die manlike kaart en twee van 
die koppelingsgroepe van die vroulike kaart is aangetoon deur van die 3:1 segregerende 
AFLP merkers gebruik te maak. 
Die genetiese koppelingskaarte verskaf wel ‘n relatiewe lae genoomdekking en ‘n lae 
merkerdigtheid, maar is ‘n ideale vertrekpunt vir meer gedetailleerde studie van die H. 
midae genoom en dien as ‘n raamwerk vir toekomstige basiese en toegepaste studies in 
perlemoennavorsing.  ‘n Hoëdigtheid koppelingskaart van H. midae moet in die toekoms 
ontwikkel word met gebruik van bykomstige ko-dominante molekulêre merkers, soos 
mikrosatelliete.  Dit sal die oordraagbaarheid van die koppelingskaart tussen verskillende 
laboratoria asook tussen populasies verbeter.  ‘n Hoëdigtheid koppelingskaart sal die 
kartering van kwantitatiewe kenmerk loki (KKL) vir kommersieel belangrike kenmerke 
(onder andere groeikrag) en toekomstige merker bemiddelde seleksie (MBS) 
teelprogramme moontlik maak. 
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CHAPTER 1 - INTRODUCTION 
1.1. Background 
Abalone, Haliotis midae, has become a lucrative commercial commodity in South Africa with 
artificial production systems (abalone farms) being the main contributors to the overseas 
export market.  Efforts to improve productivity include determining the effects of 
environmental and genetic factors separately, and in combination, in order to determine 
optimal production criteria. 
Studies of a genome of any species are important for the genetic improvement of that species.  
Genetic improvement entails the manipulation of the natural genetic variation found within a 
specific species to increase cultured production.  The aim of such programmes is therefore the 
exploitation of the intrinsic biological potential of a cultured species.  To date very few 
genetic studies have been done on the South African cultured abalone, H. midae.  Various 
genetic and molecular techniques, for example microsatellites and amplified fragment length 
polymorphisms (AFLPs), can be applied in investigating the natural genetic variation present 
in abalone, with the eventual aim of improvement of H. midae and commercial abalone farms 
through genetic improvement programmes. 
Decisions regarding which main traits are of commercial and economic importance (for 
example growth) are made by the local abalone industry and these traits are then targeted.  
Once the genome has been elucidated genetic programmes can focus on these characteristics 
and thereby ensure production gain.  Increased worldwide demand for abalone products has 
increased market competition.  Therefore, for the South African industry to maintain their 
competitive edge, they have to examine improvement programmes and specifically genetic 
improvement programmes as the logical next step and low-risk solution. 
An abalone enhancement programme was initiated in South Africa in 2006 funded by 
industry and government, which focuses on genetic factors contributing to increased 
productivity.  Genetic information will assist in the identification of abalone with higher 
survival rates and/or fast growers at an early stage when phenotypic observations are 
imprecise, thereby benefiting the commercial abalone farmers.  For example, identification of 
faster growing abalone or animals with improved disease resistance at an early stage will 




reduce production time and cost for market size animals (currently exported only at 3-4 years 
of age). 
To prevent the extinction of dwindling wild abalone populations in South African coastal 
waters, all commercial fishing rights will be suspended indefinitely from February 2008.  The 
abalone enhancement programme is consequently invaluable for maintaining genetic diversity 
of farmed abalone, as broodstock can no longer be collected from the wild.  Increased abalone 
farm productivity is imperative, because when the South African industry can meet the 
worldwide demand for abalone products; it will lead to a reduction in the demand for poached 
abalone.  This will alleviate the pressure on wild abalone populations and allow wild abalone 
populations to recover. 






Mollusca, Gastropoda, Prosobranchia (Winkles, limpets and whelks), Haliotidae (ear shaped 
shells), Haliotis, Haliotis midae (Fishtech, Inc, online). 
1.2.2. Anatomy 
Abalone are gastropod molluscs (Fallu, 1991), considered to be large herbivorous marine 
snails (Britz, 1991).  Sketches of the abalone anatomy are shown in Figure 1.1 and images of 
mature abalone in Figure 1.2.  The shell of an abalone covers the exposed area of the animal, 
with only the posterior of the animal remaining unprotected (Fallu, 1991).  To a non-biologist 
the shell appears to be half a bivalve shell; namely a univalve.  Careful assessment shows that 
there is a great deal of torsion of the shell, despite the fact that the shell is relatively flat 
(Landau, 1992) with an oval shape.  The shell is similar to the common snail as it is in the 
form of a spiral, but due to its flattened shape the spiral is more visible from underneath.  The 
head of the abalone is located at the anterior end (Fallu, 1991). 
Figure 1.1.  Ventral and dorsal view of the anatomy of the abalone (Fallu, 1994 [online]). 
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Figure 1.2.  Images of mature abalone. 
The shell contains a row of holes, with the anterior holes being the largest, while the smaller 
holes at the posterior are frequently blocked due to their diminutive size (Fallu, 1991).  These 
holes serve as areas for respiration, removal of waste and the liberation of gametes (Landau, 
1992).  The gills, for respiration, are located underneath these holes in the mantle cavity.  It is 
in the mantle cavity that the other functions besides respiration are carried out, as the cavity 
houses the gills, excretory and digestive systems and the reproductive system which also 
release into it (Fallu, 1991). 
Growth of the shell occurs by the accumulation of new material at the anterior side.  The shell 
grows in a spiral, by rotating on the body, as the head of the animal must point forward at all 
times.  The length of the shell is generally a good indicator of the size and weight of the 
abalone (Fallu, 1991). 
The foot of the abalone is used to hold onto surfaces, such as a seabed and is similar to a snail 
in terms of how they grip surfaces.  The part of the foot that can be seen when the animal is 
inverted is called lips.  These lips have a tough outer layer that helps protect against predators.  
Tentacles are found on the lip, their function most likely being to sense and taste.  The foot 
comprises the sought after and commercially prized and lucrative foot muscle (Fallu, 1991). 
The head, containing the mouth, is located at the front of the foot.  The tentacles found here 
are much larger than the tentacles found on the lips and are similar in shape to the land snails' 
eyestalks (Fallu, 1991). 
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1.2.3. Diet, habitat and movement 
Abalone are herbivores and nocturnal feeders, a strategy thought to be essential in predator-
avoidance (Wood and Buxton, 1996a).  Abalone are similar to many gastropod molluscs in 
that they display a slow growth rate due to their fairly ineffective ability to convert their 
herbivorous diet into animal tissue (Nash, 1991).  They appear to dislike light and during the 
daytime will be found hiding under rocky overhangs or in dark crevices (Fallu, 1991) where 
they feed primarily by trapping drift seaweed beneath their muscular foot.  This species may 
intermittently graze on plants in close proximity or forage (Wood and Buxton, 1996a) and 
may feed on a wide range of algae as well, although they appear to prefer kelp (Barkai and 
Griffiths, 1986). 
Abalone, furthermore, tend to remain in the same position if they have found a satisfactory 
feeding site.  Some abalone have been known to remain in the exact same spot for several 
years (Wood and Buxton, 1996a).  A stimulus to feed is generally initiated by the energetic 
movement of the surrounding water, as these conditions protect them more from predators 
and increases the likelihood of seaweed being washed past in close proximity (Fallu, 1991).  
Their preferred habitats are thus coastal rocky shores found at the low water mark (Barkai and 
Griffiths, 1986). 
Abalone larvae are planktonic and do not feed as they lack the necessary equipment (Fallu, 
1991).  Newly settled juveniles will feed on diatoms (mixture of micro-algae and bacteria) 
scraped off the rock surfaces (Wood and Buxton, 1996a). 
1.2.4. Distribution 
There are six species of abalone in South Africa, but of the six only one, H. midae (Britz, 
1991), better known as “perlemoen,” is of commercial importance.  The genus Haliotis 
consists of approximately fifty-six different species located worldwide (Geiger, 2000).  
Haliotis midae is distributed from St. Helena Bay (west coast) to Port St. Johns (east coast) 








Figure 1.3.  The distribution of South African abalone species (South African Abalone, online). 
1.2.5. Life cycle 
The life cycle (Figure 1.4) begins with spawning when sperm and eggs are liberated from the 
mature abalone.  External fertilisation results in a zygote, with several divisions leading to the 
development of a larva from the fertilised egg.  The larvae develop and change through a 
trochophore stage (± 12-24 hours) followed by veliger stage (± 1 week), after which they sink 
and settle on the seabed (termed settlement).  The abalone body then starts to convert to a 
miniature copy of the adult and at this stage is known as a juvenile.  The abalone continues to 
grow even after becoming sexually mature (Fallu, 1991) and H. midae can reach a shell 






Figure 1.4.  Life cycle of abalone (Fishtech, Inc, online). 





The sex of the animals can be determined by examining the colour of their gonads, located by 
moving the foot away from the shell to the right hand side of the body.  The ovaries are 
brown, dark green, gray or violet, while the testes are white, pink, yellow or a light brown or 
green (Landau, 1992).  The eggs are usually a greenish colour and the sperm has a white 
appearance (Fallu, 1991). 
Haliotis midae have been shown to have an extended breeding season, the main period being 
between April and July, during autumn and winter (Wood and Buxton, 1996b). 
1.2.7. Resource under threat 
Haliotis midae is the only South African abalone species that is of commercial importance 
(Sweijd et al., 1998).  Their sessile nature and easy accessibility in shallow coastal areas, 
including their high market value make them an ideal and prime target for part-time fishermen 
and poachers (Nash, 1991).  Wild abalone stocks were well managed and plentiful until the 
early 1990s.  Since then, the combination of environmental factors and poaching has 
devastated wild stocks to the point that commercial stocks are presently unsustainable (Hauck 
and Sweijd, 1999). 
The gravity of the situation was realised in the late 1990s and this resulted in a total allowable 
catch (TAC) being set at 693 tons in 2000.  The TAC for the 2002/2003 season was lowered 
further to 430 tons, while the illegal harvesting of abalone in 2001 was approximately 1023 
tons.  From 2003, only legal entities, such as abalone processing factories and certain divers 
could obtain commercial abalone rights and the rights of large fishing factories were to be 
phased out over a three year period (Steinberg, 2005 [online]).  Further action was taken in 
2004 when a new management approach was instated; Territorial User Rights in Fisheries 
(TURF).  The TURF approach incorporates elements of co-management, which aim to 
address illegal harvesting and aid in the restoration of the overexploited abalone resource 
(Plagányi and Butterworth, 2004).  In 2006/7 the legal commercial quotas reached an all time 
low of 125 tons (Macleod, 2007 [online]) and in October 2007, South African marine 
authorities took drastic measures to protect the dwindling wild abalone populations from 
commercial extinction and instated an indefinite postponement of all abalone fishing in South 
African waters, effective from February 2008 (Benton, 2007 [online]). 





Poaching has affected the legitimate industries to such an extent that some abalone fisheries 
around the world have collapsed.  South African fisheries are especially under threat, as the 
reduced profit caused by poaching adversely impacts the development of abalone farms.  At 
present the commercial fishery is unsustainable, as predicted by Steinberg (2005 [online]).  
Estimates have shown that at least 40 tons of H. midae, worth roughly US $1 million, are 
poached annually and the above figure is predicted to increase each year (Sweijd et al., 1998).  
In South Africa, the quantity of illegal abalone confiscated has increased dramatically from 
21000 in 1994 to more than 1 million in 2006 (Roelf, 2007 [online]).  Furthermore, 60% of 
the abalone confiscated from poachers in 2007 was undersize (Macleod, 2007 [online]). 
Abalone poaching has increased in recent years in South Africa with the establishment of 
poaching syndicates, which illegally obtain, process and export the abalone to the Far East.  In 
the eastern market H. midae is in great demand (Sweijd et al., 1998), fetching between $22 
and $38 per kg (Roelf, 2007 [online]), thereby making abalone poaching a lucrative business.  
In addition, shells have an ornamental value and are highly prized (Nash, 1991). 
1.2.7.2. Environmental factors: Rock Lobster 
Adult abalone have virtually no predators besides man, while juvenile abalone and larvae are 
vulnerable to predation by numerous animals, such as octopuses, starfish, whelks and crabs.  
A result of this predation is that juvenile abalone hide in and under dark crevices until they 
possess the same shell strength as the adult abalone, at which point they can move out of 
hiding (Tarr et al., 1996).  An unexplained invasion to the south coast of West Coast rock 
lobster, Jasus ialandii, has had a markedly negative impact on abalone populations in the area 
(Mayfield and Branch, 2000).  The diet of the rock lobster consists of sea urchins, Parechinus 
angulosus, under which juvenile abalone shelter while their shells are not yet hard enough to 
protect them from predators.  Studies have found a positive relationship between juveniles of 
H. midae and sea urchins, as both variables (H. midae and sea urchins) are concurrent; if the 
number of one increases or decreases so does the other (Day and Branch, 2000).  Thus the 
rock lobster is exerting a marked negative impact on abalone by feeding on sea urchins and 
thereby limiting sheltering habitats for abalone juveniles. 




1.3. Abalone farming 
1.3.1. Globally 
Important abalone fisheries once existed in China, Mexico and New Zealand.  Most of these 
fisheries have now collapsed due to various factors.  The only fisheries of any significance 
that are left are most likely located in Australia and Japan.  Due to the collapse of many 
abalone fisheries, abalone farming has become important as the worldwide demand for 
abalone is still high.  Japan is regarded as the pioneer of abalone farming (Fallu, 1991) and by 
1991, abalone culture was being practised in the USA (California), Japan and Taiwan, 
although the farming methods used in each country vary (Britz, 1991).  In 2007, countries 
with the foremost abalone fisheries were South Africa, New Zealand, Australia, Korea, 
Taiwan, China and Japan (Fishtech, Inc, online). 
Hatchery technology was initially developed after WWII in the hope that reseeding from this 
supply would boost the fisheries production (Fallu, 1991).  Of the currently recognized 56 
abalone species found globally, about 20 are harvested commercially (Tang et al., 2004).  In 
2007, the world abalone farm production was 10 000 tons, while the demand was 
approximately 23 000 tons (Fishtech, Inc, online). 
1.3.2. South Africa 
Abalone farming is seen as a solution to the threatening abalone crisis in South Africa (Britz, 
1991), especially as a ban on all abalone fishing, effective from February 2008, has been 
instated (Benton, 2007 [online]).  South Africa was fortunate as the fundamental techniques 
for abalone culture had already been established and developed in other countries (Britz, 
1991). 
Abalone fisheries have been in existence since 1949 spanning 580km of coastline from Quoin 
Point (East Coast) to Cape Columbia (West Coast) (Dichmont et al., 2000).  Successful 
abalone cultivation, however, only started in the 1980s, when it was first demonstrated that H. 
midae could be spawned in captivity (Cook, 1998).  The bulk of farms in South Africa have 
been set up along the south-western part of the coastline.  An advantage of these areas is that 
large kelp beds (main food source) are situated close to the shore.  Other advantages include 
that these areas are relatively free of domestic and industrial pollution and there is reasonably 




good water quality.  All of the farms in South Africa use a pump-ashore and land-based on-
growing system (Cook, 1998). 
Of the six species of abalone in South Africa only H. midae is harvested and farmed 
commercially as the others are either too difficult to harvest, or undersized, or their numbers 
are inadequate and H. midae is the largest growing species in size (Cook, 1998).  By 2001, 
thirteen abalone farms had been established in South Africa with an investment of 
approximately US $12 million (Sales and Britz, 2001) and at present there are fifteen abalone 
farms (Aucamp, 2007 [online]).  In 2006, abalone production in South Africa amounted to 
approximately 60% of the aquaculture revenues as farm production produced over 900 tons of 
abalone and the anticipated mark for 2007 is 1000 tons.  The abalone aquaculture industry 
value was estimated to be more than 141 million South African rand ($19.7 million) in 2006, 
and employed approximately 800 people (Roelf, 2007 [online]). 
Farm-produced abalone are not intended for local consumption and are solely produced for 
the export market.  The existing farm permits actually prevent the sale of farmed abalone in 
South Africa.  Abalone products are sold at sizes between 80 and 100mm, which is less than 
the smallest harvestable size for abalone in their natural environment.  The aim of preventing 
the sale of farm-produced abalone in South Africa is thus to prevent the illegal harvesting of 
undersize animals (Cook, 1998). 
1.3.3. Abalone farming 
1.3.3.1. Spawning 
Before spawning can occur, the abalone broodstock need to be fully developed internally.  
Spawning is the event that occurs when the eggs or sperm are released from the ripe adult 
abalone.  Various stimuli can act as triggers; in the wild the stimuli are a change in water 
temperature, while farms use various techniques to induce spawning, such as UV light, 
hydrogen peroxide, heat shock, other spawning abalone, and pH shock (Fallu, 1991).  Each 
farm has their personal preference as each technique has its own drawbacks and advantages. 
Fertilization is generally completed in about 30 min; the spawning tank during this time looks 
intensely cloudy due to the high-density of sperm and eggs in the tank.  This condition cannot 
be left for long as it will deplete oxygen levels in the water, which may lead to mortalities of 
adults and fertilised eggs (Nash, 1991).  In farming conditions, static water is used to prevent 




loss of eggs or sperm (Fallu, 1991).  The fertilized eggs sink to the bottom of the tank where 
they are easily removed by carefully siphoning them off (Nash, 1991). 
1.3.3.2. Larvae 
The fertilised egg divides repeatedly and a larva hatches from the egg.  The larvae are 
positively buoyant and float for approximately a day.  It is at this stage that the abalone larvae 
are transferred to a new container containing filtered, sterile and free flowing water, as they 
are easy to collect by pouring off the top water.  They become neutrally buoyant after a day 
and during this time natural movement distributes them throughout the container as they 
neither sink nor float (Fallu, 1991). 
The larvae do not have any external dietary requirements, as during their planktonic life they 
feed off their egg reserves.  Thus they are free of the problematic dietary requirements that are 
often linked with larvae of other species (Landau, 1992). 
The larvae go through various stages of growth and development, namely the pelagic 
trochophore, and veliger stages (Fallu, 1991).  During the pelagic trochophore stage they can 
propel themselves using peaks of microscopic cilia.  They enter the veliger stage when they 
start to develop a shell and foot.  In the veliger stage a change from a free-swimming 
organism to one committed to being on a substrate occurs.  It is in the veliger stage that, as 
previously mentioned, they are easily siphoned off into a larger rearing container.  This is due 
to the larvae’s positive phototropic state (attracted to light) and therefore they can easily be 
attracted to a corner of the container by using light (Nash, 1991). 
1.3.3.3. Settlement and spat 
Before settlement occurs the larvae develop a clearly visible eye-spot.  The process occurs 
approximately five days after fertilisation.  The larvae sink to the bottom of the container and 
take up residence there.  The larvae are now known as spat.  Once they have settled on the 
bottom, the spat’s body transforms and now looks like a miniature copy of the adult (Fallu, 
1991).  The transformation process of the spat is known as torsion by which they obtain their 
permanent shell.  Once torsion is completed they are committed to crawling (Nash, 1991). 
1.3.3.4. Grow-out 
Once the abalone have settled (settlement) they start to feed and grow.  Initially they are 
sexually immature, but the gonads start to develop upon settlement (Fallu, 1991).  As the 




juveniles grow they become light sensitive and require shelter.  It is at this point that they 
become nocturnal animals (Landau, 1992). 
After approximately 3-4 years the adult abalone are collected for export to the overseas 
market (Nash, 1991). 
1.4. Aquaculture genetics  
1.4.1. Status 
Aquaculture genetics essentially began more than 2000 years ago in China with the start of 
aquaculture there, coinciding with the Romans who first started to breed fish in ponds.  
Breeding programmes became more prevalent only when the Japanese started to develop 
special varieties of koi carp in the 1800s (Dunham et al., 2001). 
In the 1960s, genetic enhancement programmes were established for the first time, while 
molecular-based knowledge only surfaced in the 1980s.  From the late 1990s there was a 
marked increase in gene mapping and genomics of aquatic organisms.  The genetic response 
to selection of growth rate and fecundity is superior in aquatic species compared to terrestrial 
farm animals.  These advantages have allowed for improved aquaculture production and 
higher selection intensity (Dunham et al., 2001).  Selection and breeding programmes have 
been successfully implemented for example in Arctic charr, Salvelinus alpinus (Ditlecadet et 
al., 2006); oysters, Crassostrea gigas and C. virginica (Ward et al., 2000; Calvo et al., 2003; 
Guo et al., 2003); shrimp, Litopenaeus vannamei (Gjedrem and Fimland, 1995); tilapia, 
Oreochromis niloticus (Agresti et al., 2000) and sea bass, Dicentrarchus labrax (Garcia de 
Leon et al., 1998). 
1.4.2. Genetic improvement programmes 
To date the potential of well-designed genetic improvement programmes leading to 
significant genetic gains and biological improvements are still to be fully realised.  Until 
recently the focus of aquaculture research was predominantly the environment of the animal; 
for example, tank design and culture techniques.  The focus has now begun to shift towards 
genetics (Elliott, 2000). 




Selective breeding programmes have a vast potential to boost the productivity of aquaculture.  
These programmes will not only improve the utilisation of available feed, but land and water 
resources as well, leading to enhanced production (Hayes et al., 2006). 
Growth is generally the first trait of interest that is targeted.  Abalone are slow growers and 
this becomes a hindrance when considering aquaculture potential.  Producing faster growing 
abalone will reduce production time and cost for market size individuals (Elliott, 2000). 
Selective breeding as a means to increase profits for farmers has a good track record, but 
globally research into aquaculture programmes has been very time-consuming (Lymbery et 
al., 2000; Gjedrem, 2002; Mair, 2002).  Only a few studies have reported on growth rate and 
its heritability in haliotids, but all of these suggested that a selective breeding programme 
would be successful in increasing growth rate (Hara and Kikuchi, 1992; Kawahara et al., 
1997; Jonasson et al., 1999; Mgaya, 2000; Lucas et al., 2006). 
1.4.3. DNA markers and their applications 
DNA markers, also known as molecular markers, have various applications and contribute 
significantly to commercial breeding and genetic improvement programmes (Moore et al., 
1999).  Markers consist of variable genes or expanses of DNA (Zeng, 1993; Jansen and Stam, 
1994) and can be applied to, for example, the development of genetic linkage maps and 
characterisation of quantitative trait loci (QTL) (Moore et al., 1999). 
The majority of performance and production traits are controlled by multiple genes and are 
thus inherited as quantitative traits (Liu and Cordes, 2004).  The loci controlling these traits 
are universally referred to as quantitative trait loci (Liu, 1998).  QTL are not necessarily genes 
themselves, but stretches of DNA that are linked to the genes that underlie the trait being 
researched, in this case an economically important trait (Liu and Cordes, 2004).  Quantitative 
traits are important to numerous animal breeders as these traits may influence for example, 
growth rate and food conversion rate, which are economically important performance 
indicators (Falconer and Mackay, 1995). 
QTL for growth rate have, for example, been identified in H. rubra (Baranski et al., 2006) 
and future genome scans should detect QTL for disease resistance in abalone.  Growth and 
disease resistance are the two most common traits selected for QTL analysis, due to their 
overall significance and importance to aquaculture selective breeding programmes (Hayes et 
al., 2007).  One of the most significant applications of linkage and genetic mapping is to find 
these genes of interest (QTL) and this form of mapping is called QTL mapping (Liu, 1998). 




QTL mapping entails the development of genetic maps and identifying an association or 
relationship between traits of interest and polymorphic DNA markers.  If a significant 
association is found between the markers and traits, it may be an indication of a QTL near the 
markers (Liu, 1998). 
The use of DNA markers in aquaculture research has allowed swift progress in other areas 
including the assessment of levels of genetic variability and inbreeding, species and strain 
identification, parentage assignment and marker-assisted selection (MAS) (Liu and Cordes, 
2004). 
MAS uses DNA or gene markers linked to QTL or major loci in genetic improvement 
programmes (Davis and Hetzel, 2000; Liu and Cordes, 2004).  MAS is the process in which 
the results obtained from DNA testing are used to assist in selecting individuals with 
favorable traits to become the parents of the next generation.  The selection of animals with 
suitable genetic variants for a given trait can be done at an early stage, which will improve the 
rate of genetic progress (van Eenennaam, 2004).  MAS will be ideal for traits that are 
expensive and problematic to measure and also difficult to breed for (i.e. disease resistance 
and food conversion efficiency) (Davis and Hetzel, 2000).  The greatest genetic contribution 
of MAS in abalone breeding programmes will be for traits such as meat quality and disease 
resistance that cannot be measured on a breeding candidate (Hayes et al., 2007). 
To date the application of MAS in aquaculture has been sporadic, as QTL mapping and MAS 
are not as advanced in aquaculture as in terrestrial animals (Martinez, 2006; Hayes et al., 
2007).  In future the detection of complex traits and the mutations affecting them will greatly 
increase the value of MAS in fish and shellfish (Martinez, 2006); especially since large full-
sibling family sizes (offspring have both parents in common) can be easily obtained in 
aquaculture species, which is advantageous in breeding programmes (Hayes et al., 2007). 
Frequently used molecular markers in aquaculture genetics include allozymes, mitochondrial 
DNA, restriction fragment length polymorphism (RFLP), amplified fragment length 
polymorphism (AFLP), random amplified polymorphic DNA (RAPD), microsatellite, 
expressed sequence tags (EST) and single nucleotide polymorphism (SNP) markers (Liu and 
Cordes, 2004). 






AFLP is a DNA fingerprinting technique developed by Vos et al. (1995).  The procedure is 
based on selective polymerase chain reaction (PCR) amplification of restriction fragments 
from digested genomic DNA.  The restriction sites serve as primer binding sites, thus patterns 
generated depend on the sequence of the PCR primers and the quality of template DNA used.  
The AFLP technique does not require any previous sequence knowledge and can be used for 
DNA derived from any origin or complexity.  A limited number of primer sequences may be 
used and using specific primer sets can increase selectivity (Vos et al., 1995). 
Fragments obtained by AFLP often correspond to unique positions in the genome and 
consequently can be exploited in genetic and physical maps by using these fragments as 
landmarks.  Each fragment are characterised by the primers used to amplify the fragment and 
their size after amplification (Vos et al., 1995). 
1.5.2. Type II markers 
Type I markers are linked to genes of known function, while type II markers are linked to 
unidentified genomic segments.  AFLPs thus represent type II markers as they are usually 
amplified from genomes of which there is no prior sequence knowledge available.  Other 
markers such as microsatellites and RAPDs fall primarily into the type II marker category as 
well.  Type II markers are considered to be non-coding and consequently selectively neutral.  
These markers have been used widely in population genetic studies where classifications of 
genetic diversity and divergence within and between populations are based on supposition of 
Hardy-Weinberg equilibrium and the selective neutrality of markers used.  Type II markers 
have been shown to be useful for application in aquaculture genetics for species, hybrid and 
strain detection, in breeding studies and lately as markers linked to QTL (Liu and Cordes, 
2004). 
1.5.3. Methodology 
The general AFLP protocol described by Vos et al. (1995) and Mueller and Wolfenbarger 
(1999) includes the following basic steps: (1) Restriction of the DNA followed by the ligation 
of oligonucleotide adapters; (2) selective amplification of the restriction fragments; and (3) 
analysis of amplified fragments using gel electrophoresis. 




The fluorescent AFLP molecular technique has been adapted from Vos et al. (1995) to 
facilitate automation and includes the following fundamental steps (Figure 1.5): (1) Template 
preparation and adapter ligation; (2) preselective amplification; (3) selective amplification; 
and (4) primer selection for amplification screening (Perkin-Elmer, 1995). 
Figure 1.5.  Flow diagram of the fluorescent AFLP concept (Saunders et al., 2001). 
The product obtained is an AFLP genotype, which is a unique, reproducible fingerprint of the 
individual or organism analysed.  The AFLP markers, which produce the fingerprint, are 
distributed widely throughout the genome allowing for a genome-wide investigation of 
variation (Meudt and Clarke, 2007). 





AFLP markers can be produced for any organism, be it animal, plant, human or microbial, 
making it a potentially universal DNA fingerprinting system.  The technique allows for 
examination of an entire genome and produces genome-wide polymorphic markers without 
any prior sequence knowledge, thus making it an ideal and powerful technique for generating 
linkage maps (Mueller and Wolfenbarger, 1999; Liu and Cordes, 2004).  Successful AFLP 
linkage maps have been constructed for molluscs such as oysters (Yu and Guo, 2003; Li and 
Guo, 2004) and recently in blacklip abalone, H. rubra (Baranski et al., 2006) and the Pacific 
abalone, H. discus hannai (Liu et al., 2006; Sekino and Hara, 2007). 
AFLPs have a low error level as the technique is carried out using especially stringent 
conditions.  Unlike RAPD-PCR where slight differences in the thermocycling parameters may 
lead to changes in banding patterns, AFLPs are highly reproducible (Mueller and 
Wolfenbarger, 1999).  Small quantities of DNA and partially degraded samples can be used 
for AFLP.  Thus small organisms can be analysed using this technique (Vos et al., 1995; 
Mueller and Wolfenbarger, 1999), which is ideal for the abalone juveniles used in this study.  
AFLP markers can be identified at a relatively fast rate, which is further facilitated  using 
fluorescent AFLP technology (Perkin-Elmer, 1997; Mueller and Wolfenbarger, 1999).  As 
AFLP markers segregate in a Mendelian fashion, they can be used for QTL analyses and 
population genetics (Mueller and Wolfenbarger, 1999).  Lastly, the nucleotide extensions of 
the adapters can be altered, thereby identifying hundreds of reliably produced markers 
(Perkin-Elmer, 1997; Mueller and Wolfenbarger, 1999). 
1.5.5. Drawbacks 
The main drawback of AFLPs is that it is dominant rather than co-dominant marker type.  
There are, however, software packages presently available that can help identify co-dominant 
AFLP peaks.  The scoring of co-dominant AFLPs is possible when using well-characterised 
families, but not for population studies (Liu and Cordes, 2004).  The dominant nature of the 
marker makes it impossible to calculate the departure from Hardy-Weinberg equilibrium 
(Campbell et al., 2003).  AFLPs are poorly repeatable between different laboratories and 
populations and consequently the difficulty in transferring AFLPs significantly decreases the 
application of AFLP maps generated (Wang et al., 2004). 




AFLPs are only cost effective for short-term studies.  They can be developed quickly and 
consequently applied sooner than other types of markers, for example microsatellites, which 
are costly and time consuming to develop (Meudt and Clarke, 2007).  However, for long term 
and extensive projects the cost of AFLPs outweigh their initial ease of development and 
application. 
1.5.6. Scoring and reliability 
Fragments generated via AFLP analysis can be visualised and scored using a variety of 
techniques, namely agarose gel electrophoresis, polyacrylamide gel (PAA) electrophoresis 
and/or automated genotyping.  Agarose gels are very user-friendly with minimum costs, but 
they provide the least resolution, while PAA manually or together with an automated 
sequencer provide the best resolution for the detection of single nucleotide length differences 
(Mueller and Wolfenbarger, 1999).  In this study an automated genotyping system will be 
utilised. 
1.5.7. Applications 
There are many applications of AFLPs (Vos et al., 1995; Perkin-Elmer, 1997; Liu and 
Cordes, 2004) that include: 
• Monitoring the inheritance of traits  
• Assessing the degree of variability or relatedness between genotypes 
• Diagnostics of genetically inherited diseases 
o Identification of closely-linked DNA markers 
o Genotyp ing of individuals and determination of genetic distance 
• Biodiversity studies 
• Ascertaining linkage groups in crosses and construction of DNA marker maps 
• Saturation of areas of introgression with markers used for gene landing efforts 
• Accurate mapping of genes and their subsequent isolation 
• Creation of  "transcript profiles" for gene expression analysis 
• Identification of genomic clones (YACs and BACs) that can be used to construct 
physical maps 




• Forensic analysis 
• Parentage and pedigree analysis 
1.5.8. Conclusions regarding AFLPs 
AFLP markers are superior to markers such as allozymes, RAPDs, RFLPs and microsatellites 
due to their cost and time efficiency during development, as well as their reproducibility and 
resolution, although they generate dominant rather than co-dominant markers.  AFLPs can 
generate numerous genome-wide unique polymorphic markers and is a superior technique to 
RFLPs and RAPDs for generating and saturating linkage maps (Vos et al., 1995; Meuller and 
Wolfenbarger, 1999). 
AFLPs are therefore the best tool to reach the goal of this project, which is the development 




Microsatellites are also known as simple sequence repeats (SSRs) as they contain multiple 
copies of tandemly arranged short sequences, ranging from 1 to 6 base pairs in size (e.g. AC 
or ACA).  They are abundant in all species that have been studied to date (Liu and Cordes, 
2004) and have been estimated to occur no less than once every 10kb in fish species (Wright, 
1993).  The genome of the Japanese pufferfish, Fugu rubripes, and related spotted green 
pufferfish, Tetraodon nigroviridis, for example consists of 1.29% and 3.21% microsatellites, 
respectively (Crollius et al., 2000). 
Microsatellites are highly polymorphic due to deviation in the number of repeats and tend to 
be uniformly distributed throughout the genome on all chromosomes and regions of 
chromosomes.  The greater the number of repeats, the more polymorphic the microsatellite is, 
although as few as five repeats have been observed to be polymorphic.  Mutation rates of 
microsatellites are reported to be as high as 10-2-10-6 per locus per generation (Chistiakov et 
al., 2005) and are thought to be due to polymerase slippage during replication, leading to 
variation in the number of repeat units (Liu and Cordes, 2004). 




Microsatellites frequently represent functionally significant polymorphisms, although they are 
generally considered to be selectively neutral markers (Liu and Cordes, 2004).  
Microsatellites are functionally important in: (1) DNA structure, as they are involved in the 
configuration of numerous DNA structures with simple and complex loop-folding formations; 
(2) DNA recombination hot spots; (3) influencing DNA replication and lastly; (4) affecting 
gene expression when located in gene promoter regions (Chistiakov et al., 2005). 
Microsatellites, as AFLPs, are mostly type II markers (refer to section 1.5.2) (Liu and Cordes, 
2004) as they are generally situated in noncoding intergenic regions (Chistiakov et al., 2005). 
In aquaculture, microsatellites are considered to be workhorse markers (Chistiakov et al., 
2005).  They have been shown to be a powerful tool for precise genetic evaluation of 
population differentiation and have been used for pedigree assessment in hatchery populations 
from diverse fishery animals (Li, Q. et al., 2006) and parentage determination in aquaculture 
research (Li et al., 2007). 
Microsatellites have been successfully developed and characterised for several abalone 
species, namely H. asinina (Selvamani et al., 2000), H. discus discus (Sekino and Hara, 
2001), H. rubra (Huang and Hanna, 1998; Evans et al., 2000), H. rufescens (Kirby et al., 
1998), H. kamtschatkana (Miller et al., 2001), H. discus hannai (Qi and Akihiro, 2007) and 
H. midae (Bester et al., 2004, Slabbert et al. [in press]). 
1.6.2. Development of microsatellite markers 
Identification and characterisation of type II microsatellite markers involve the development 
of small-insert genomic libraries that are enriched for tandem repeats.  The procedure is called 
an enrichment technique and involves selective hybridisation of disjointed genomic DNA by 
using a tandem repeat-containing oligonucleotide probe followed by additional PCR 
extension of the hybridisation products (Chistiakov et al., 2005). 
Another procedure that can be followed is to use previously isolated microsatellite markers 
from species that are closely related.  The cross-species amplification allows applying genetic 
information of one species to another, without having to invest in the detection and 
characterisation of microsatellites (Chistiakov et al., 2005). 





Microsatellites have numerous advantages, namely they are relatively abundant, their wide 
and random genome distribution, high polymorphism and small locus size (Liu and Cordes, 
2004; Qi and Akihiro, 2007).  These markers have a hyper-variable and co-dominant nature 
and are easily, rapidly and reliably examined through PCR (Baranski et al., 2006; Li, Q. et al., 
2006; Qi and Akihiro, 2007).  The co-dominant property of microsatellites results in a large 
amount of segregation information and the transferability across populations allows for the 
establishment of linkage groups among populations and microsatellite maps that offer a high 
level of portability (Baranski et al., 2006; Sekino and Hara, 2007). 
Microsatellites’ neutrality and the unambiguous scoring of alleles are advantageous (Li, Q. et 
al., 2006).  When these markers are studied in a multiplex fashion the turnaround time is 
relatively fast, with a comparatively low material cost for the user (Li et al., 2007).  A 
multiplexed system may be used when products from a range of loci are obtained, which 
contain non-overlapping arrays of allele sizes and the products can be amplified together 
efficiently using a standard set of conditions (Chambers and MacAvoy, 2000). 
In contrast to dominant markers, microsatellites occur in both coding and noncoding regions 
and as mentioned, display on the whole a random distribution throughout the genome.  
Furthermore, they exhibit high levels of both intraspecific and intrapopulation polymorphism 
(Cristescu et al., 2006).  All these characteristics promote microsatellite markers as the ideal 
marker to be used in conjunction with AFLP markers for application in this study. 
1.6.4. Drawbacks 
The main drawback of microsatellites is the time and effort-consuming process of detecting 
them, consisting of the isolation and classification of the markers.  The detection of 
microsatellites is more time consuming than the detection of AFLPs (Baranski et al., 2006; Qi 
and Akihiro, 2007).  Every microsatellite locus needs to be identified and the flanking region 
sequenced for the development of PCR primers (Liu and Cordes, 2004).  In addition, to 
successfully isolate microsatellites, information on their abundance and length distribution of 
repeats in the genome of the organism being studied is required.  At present such data is still 
limited and incomplete for many taxa and in some cases completely absent (Qi and Akihiro, 
2007). 




Complications with the use of microsatellites for linkage mapping in molluscs have arisen due 
to frequently occurring null alleles (allele or marker no longer detected as a result of a 
mutation), segregation distortion and the influence of repetitive elements (Baranski et al., 
2006). 
1.6.5. Scoring and reliability 
Amplified microsatellite markers are generally sized and scored on denaturing 
polyacrylamide gels by using procedures that were initially developed for DNA sequencing.  
The fragments on the gels may be visualised through ethidium bromide staining, silver 
staining or autoradiography.  Autoradiography procedures detect the 32P or 33P α-labelled 
nucleotides that have been integrated during the amplification process (Chambers and 
MacAvoy, 2000). 
The use of automated DNA sequencing and fragment sizing together with the related software 
has become common practice for microsatellite developers, as it results in a faster turnover 
rate.  Fluorescently labelled primers are used that are recognised by software to visualise 
microsatellite markers for automated scoring (Chambers and MacAvoy, 2000). 
Despite the advances, many researches prefer to use manual systems instead of automated 
systems, as they cannot be positive that the automated software is scoring the data or alleles 
accurately and consistently.  Complications may consequently arise when considering 
whether or not to combine data obtained using manual versus automated technologies 
(Chambers and MacAvoy, 2000). 
1.6.6. Applications 
Microsatellites have been applied to a large variety of research fields and practical disciplines 
(Liu and Cordes, 2004; Chistiakov et al., 2005).  These include: 
• Genetic mapping 
• Individual DNA identification 
• Parentage assignment 
• Phylogeny and population genetics 
• Conservation genetics 




• Molecular epidemiology and pathology 
• Quantitative trait loci mapping 
• Marker-assisted selection 
• Identification of stock structure 
1.6.7. Conclusions regarding microsatellites 
Microsatellites have become extremely popular markers of choice and are used in a wide 
range of genetic investigations.  In the past decade these markers have become widely used in 
fisheries research (Liu and Cordes, 2004) and in aquaculture studies they have become the 
marker of choice for genetic assessments of farmed stocks for application in breeding 
programmes.  Genetically improved stocks may be selected early on, while avoiding 
inbreeding and increasing positive selection response.  Microsatellite loci are effective for 
construction of genetic frameworks on which other markers and genes may be integrated by 
using different mapping strategies, namely physical mapping, linkage mapping and genomics 
tools (Chistiakov et al., 2005). 
Microsatellites are more informative and transferable than AFLPs, especially between 
different laboratories (Yu and Guo, 2005).  Therefore, microsatellites are a useful additional 
marker for this linkage mapping study. 
1.7. Linkage mapping  
1.7.1. General 
Linkage maps document the fundamental order, synteny and spacing of genes or genetic 
markers on the chromosomes.  Linkage maps are developed through the analysis of the co-
segregation of allelic forms of various markers within pedigrees; determining how frequently 
alleles are inherited jointly.  These maps therefore infer evidence of the location of genes and 
markers (Garcia de Leon et al., 1998; Davis and Hetzel, 2000; Dekkers, 2004; Chistiakov et 
al., 2005). 





The development and construction of linkage maps entail the placement of co-segregating 
markers into linkage groups.  The distances between linked markers are calculated using the 
proportion of recombinant genotypes formed (Hartl and Jones, 2001).  Genetic recombination 
is the basis of linkage mapping and is the result of crossovers between homologous 
chromosomes during meiosis, when segments of the sister chromatids are exchanged between 
the homologs.  Recombination generally occurs randomly on the chromosomes and the 
likelihood of recombination occurring between different loci is linked with the physical 
distance between loci.  The link between recombination and physical distance is the 
foundation of linkage mapping (Liu, 1998). 
Recombination fraction is the measure used to calculate genetic recombination.  For 
recombination between two loci on a chromosome, it is expected that the greater the physical 
distance between the loci, the greater the likelihood that they will recombine (Liu, 1998).  The 
recombination limit due to crossover is hypothesised to be 50 percent.  If two genes, which 
are linked, are therefore located further than 50 map units apart, theoretically there is a 100 
percent chance of crossover occurring between the two genes on the paired homologs.  The 
crossover between the two homologs will result in the formation of new gene combinations 
on the chromosome.  If the two genes, which are linked, are located less than 50 map units 
apart, then the likelihood of crossover and recombination occurring is decreased (Klug and 
Cummings, 2003). 
A random copy of each chromosome pair is carried over to the gamete during meiosis.  
Copies of genes, which are located on different chromosomes, are therefore inherited 
separately from each other, while those genes that are situated on the same chromosome are 
not inherited separately, but are passed on jointly or “linked”.  Genes are therefore tightly 
linked when they are situated adjacent to each other (less than 50 map units).  Genetic 
distance is generally measured in centiMorgans (cM); 1 cM is taken to be equivalent to 1% 
recombination between loci (Klug and Cummings, 2003). 
1.7.2.1. Genetic map construction 
The co-segregation of markers in families are analysed by gene mapping algorithms, which 
assemble markers into their respective linkage groups, followed by the calculation of the most 




probable order of markers within the linkage groups (Hartl and Jones, 2001).  The process 
comprises four steps after data collection (Liu, 1998): 
1) Pairwise linkage analysis between all potential two-locus combinations. 
The analyses are based on the comparison between the observed and expected frequencies 
of the genotypic classes under investigation.  For a marker to be detectable and useful, it 
must have a number of different alleles in the mapping population.  The potential 
genotypic classes are identified as a function of the number of alleles present at the two 
loci under consideration and of the mating design, which was used to obtain the mapping 
population.  Recombination fractions are generally estimated using the observed 
genotypic frequencies and applying a maximum likelihood approach. 
2) Allocating the markers to different linkage groups. 
The calculated recombination fraction, significance level of the recombination fraction 
and available genome information, i.e. number of chromosomes, are the criteria used for 
generating linkage groups. 
The number of linkage groups should be similar to the haploid chromosome number of the 
organism under investigation.  The number of linkage groups obtained relative to the 
haploid chromosome number is dependent on the number of markers used (level of 
genome coverage achieved), how informative the data is, the genetic model used for data 
analysis and the grouping criteria. 
3) Ordering of markers in the same linkage group. 
The relative location of markers on the genetic map is determined.  The ordering of 
markers is the most demanding computational step. 
4) Estimation of the multipoint recombination fractions between neighbouring loci. 
The estimated multipoint recombination fraction may be slightly different to the two-point 
recombination fraction and matches the physical distance between loci more closely.  
Generally, due to the sequence specificity of recombination events, the genetic and 
physical distance do not have a one-to-one relationship. 
1.7.3. In Aquaculture 
Through the past decade the number of genetic linkage maps developed have increased for 
many organisms, especially for many aquatic species including, rainbow trout, Oncorhynchus 




mykiss (Young et al., 1998; Sakamoto et al., 2000), black tiger shrimp, Penaeus monodon 
(Moore et al., 1999; Wilson et al., 2002), yellowtails, Seriola quinqueradiata and S. lalandi 
(Ohara et al., 2005) and tilapia, Oreochromis niloticus (Kocher et al., 1998; Agresti et al., 
2000), O. aureus and O. mossambicus (Agresti et al., 2000). 
Progress has been relatively slow in this area with regard to molluscs.  Preliminary linkage 
maps have only been developed recently for the Pacific oyster, Crassostrea gigas (Hedgecock 
et al., 2002; Li and Guo, 2004), the eastern oyster, C. virginica (Yu and Guo, 2003) and the 
Zhikong scallop, Chlamys farreri (Wang et al., 2004, 2005).  For abalone, linkage maps have 
been developed for only a few species, namely blacklip abalone, H. rubra (Baranski et al., 
2006; based on microsatellite markers) and the Pacific abalone, H. discus hannai (Sekino and 
Hara, 2007; microsatellite markers) (Liu et al., 2006; largely AFLP markers). 
The slow progress of genetic improvement programmes and linkage map development in 
molluscs have largely been due to a lack of genetic resources, namely a shortage of molecular 
markers, and not a lack of interest.  There is a large amount of commercial interest in marine 
molluscs, such as scallops, oysters and abalone, as these molluscs form part of and support 
vast aquaculture industries worldwide, and are consequently important and lucrative 
commercial commodities (Li and Guo, 2004). 
A preliminary genetic map is an essential requirement for detailed genetic studies of any 
organism.  AFLPs can be used to develop a reasonably dense linkage map rapidly.  These 
markers are, however not always conveyable to new populations and even to crosses in the 
same population (Li et al., 2003; Hubert and Hedgecock, 2004).  Microsatellites, on the other 
hand, negate this problem and are more easily portable (Love et al., 1990; Hubert and 
Hedgecock, 2004).  These markers thus form a superior combination for linkage mapping. 
1.7.4. Applications 
Uses of linkage maps (Wilson et al., 2002; Wang et al., 2004; Ning et al., 2007) include: 
• The study of genome structure and evolution 
• Comparative genome mapping 
• Determining the genetic basis of heterosis 




• Identification and mapping of quantitative trait loci 
• Marker-assisted selection 
• Positional cloning of genes 
1.8. Statistical analysis 
1.8.1. Linkage mapping 
1.8.1.1. Computer software 
Computer technology and the advances that the technology has undergone form an integral 
part of the development of genetic maps and are largely responsible for the considerable 
progress in this field.  Theories originally developed for classical mapping can be applied to 
mapping of DNA markers, as the concepts remain the same, i.e. genetic distance is measured 
in centiMorgans and is based on the occurrence of genetic crossovers.  The difference 
between classical and molecular-based mapping is the number of markers used, as the number 
of markers that can be mapped in a single population during DNA-based mapping can without 
difficulty reach into the thousands, consequently leading to the evolution in computer 
technology to handle these large datasets (Young, 2000). 
Basically, to develop a linkage map from DNA marker data, statistics software packages are 
needed, which are able to run chi-squared contingency table analyse efficiently.  Two-point 
(pairwise) linkage between markers forms the foundation for constructing linkage maps and is 
calculated by the chi-squared statistical test (Young, 2000).  Two-point statistics only take 
two markers into consideration at a time (Cartwright, 2007) and are generally used to group 
markers into linkage groups, i.e. identifying linkage between two loci.  Genetic mapping 
algorithms subsequently reconstruct and determine the order of the markers and the genetic 
distances (in centiMorgans) between these markers on the chromosomes as precisely as 
possible (Cartwright et al., 2007). 
There are many statistic software packages available and they fall into two categories: (1) 
genetic mapping algorithms that use multipoint likelihood maximisation, i.e. MapMaker 
(Lander et al., 1987) and CRI-MAP (Green et al., 1990); (2) the other category uses two-point 
statistics, i.e. Gmendel (Echt et al., 1992) and JoinMap (Stam, 1993).  Multipoint analysis has 
advantages over two-point analysis, as it can construct a linkage map in the presence of 
missing data of an individual for any of the markers, while two-point statistics cannot.  




Multipoint analysis examines numerous loci, unlike two-point analysis, which only analyses 
two loci at a time.  Thus, multipoint analysis is more advantageous when using markers that 
are not fully informative.  However, two-point analysis is a faster technique than multipoint 
analysis (Cartwright et al., 2007).  As a result, two-point analysis is commonly used to 
generate linkage groups, while multipoint analysis is used to determine the order of the 
markers in the linkage groups, as multipoint analysis can analyse all the different marker 
orders possible and identify the most likely marker order (Lander et al., 1987; Young, 2000).  
For example, if there are three different markers, the multipoint analysis will compare all 
possible combinations of the three markers (for three markers there are six different possible 
combinations) and compute the best order.  In Mapmaker 3.0, the log-likelihood of the other 
orders is compared to the best order found (maximum likelihood maps for each possible order 
of markers is computed and arranged by the likelihood of their maps), which should have a 
relative log-likelihood of 0.0 and the less likely map orders will have a negative relative log-
likelihood for example –0.8 (Lincoln et al., 1992). 
Constructing a linkage map using DNA markers is usually the initial step in genetic marker 
analysis.  Ideally one will be able to relate the map constructed to those obtained from other 
mapping populations and for QTL analysis (Young, 2000). 
1.8.2. Principles and statistics used in linkage mapping 
1.8.2.1. Mendelian genetics 
Mendelian or transmission genetics forms an integral part of linkage genetics and simple trait 
segregation theory.  Genes, which are units of heredity, are passed along from generation to 
generation in a sexually reproducing species, following Mendelian inheritance (Liu, 1998). 
In this study the segregation of markers (the segregation of the parent alleles through the 
offspring) will be analysed according to expected Mendelian segregation ratios. 
1.8.2.2. Chi-square analysis 
For genomic mapping there are numerous statistical analyses that are commonly used, namely 
Poisson, binomial, normal and chi-square (χ2) distribution (Liu, 1998).  For this study, chi-
square analysis will be discussed further. 
Chi-square analysis is widely used in genomics and measures goodness of fit of the null 
hypothesis and evaluates observed deviations.  The null hypothesis postulates that there is no 




significant difference between the measured values and the expected values.  Essentially, any 
apparent difference between measured and expected values can be accredited to chance.  If 
the null hypothesis is rejected then any difference between the two values cannot be attributed 
to chance (Klug and Cummings, 2003). 
The chi-square test reduces to a single numerical value the observed deviation in each part of 
an expected ratio and takes into account the sample size.  The larger the sample size, the 
smaller the impact of chance deviation on the outcome.  The χ2 value is used to determine 
how much of the observed deviation can be attributed to chance only.  The formula for chi-
square analysis is: 
χ
2





o = the observed amounts for a particular category 
e = the expected amounts for the specified category 
Σ = the sum of the calculated amounts in the ratio 
The final step in the analysis is to determine the degrees of freedom (df) and interpret the χ2 
value.  The degrees of freedom is calculated using the number of different categories in the 
dataset being analysed and is important as the greater the number of different categories, the 
greater the deviation expected due to chance.  Degrees of freedom equals n-1, where n is the 
number of categories.  Once the degrees of freedom have been calculated, the χ2 value can be 
interpreted in terms of a probability value (P), which is generally determined using a graph or 
table (Klug and Cummings, 2003). 
The significance level or P value is generally set at 0.05-0.01 (Liu, 1998).  For example a P 
value less than 0.01 indicates that the likelihood is less than 1% that the observed deviation in 
the results could be acquired by chance alone (Klug and Cummings, 2003) and therefore any 
deviations between the observed and expected values are significant. 




1.8.3.3. Pearson correelation 
The Pearson product moment correlation coefficient, r, [designated with an “r” when 
computed in a sample and “p” (Greek letter rho) when measured in a population] is a 
dimensionless index that ranges from –1.0 to 1.0.  A correlation coefficient displays the 
degree to which two datasets or variables (X and Y) are related (closeness of the relationship) 
and reflects the degree of linear relationship between the two variables under investigation.  A 
correlation of +1 indicates a perfect positive relationship (correlation) between the two 
datasets or variables (the two variables increase together), while a correlation of –1 means 
there is a negative relationship between the two variables.  An r value of 0 indicates that there 
is no correlation between the two variables.  The number of paired observations used in the 
calculation of r is used to derive an associated probability statistic (Snedecor and Cochran, 
1989). 
1.8.3.4. Bonferroni correction 
The Bonferroni correction is a mathematical multiple-correction used to reduce falsely 
significant results in statistical analyses when carrying out multiple tests simultaneously 
(Weisstein, [online]) and is suitable for sample sizes ranging from 25 to 200 (Sokal and 
Rohlf, 1995).  Multiple tests of statistical significance will give rise to 1 out of every 20 
hypothesis-tests appearing significant at the P = 0.05 level, simply as a result of chance 
(Weisstein, [online]). 
A given P value (probability value) may be suited to individual comparison; it is however not 
ideal for all comparisons.  To avoid obtaining a number of spurious positives, the alpha value 
is decreased to account for the number of comparisons conducted.  To adjust the P value 
threshold when carrying out multiple tests to a stricter threshold, the P value is divided by the 
number of independent hypothesis tests (n) being conducted (Weisstein, [online]).  For 
example, if 10 independent tests were being carried out, instead of a P value threshold of 
0.05, one would use the threshold of 0.005 for each test. 
One of the drawbacks of applying the Bonferroni correction is, however, that it increases the 
type II error rates.  A type II error occurs when the null hypothesis is accepted when it is in 
fact false, thereby creating a false negative (Liu, 1998).  To compensate for the increased 
likelihood of producing type II errors when applying Bonferroni correction to a large number 




of tests, such as during linkage mapping analysis, the correction is based upon the number of 
linkage groups (haploid chromosome number expected [Woram et al., 2004]). 
Bonferroni correction has been widely used in linkage map development in aquaculture, for 
example, in blacklip abalone, H. rubra (Baranski et al., 2006); in pacific oyster, Crassostrea 
gigas (Hubert and Hedgecock, 2004); in Artic charr, Salvelinus alpinus (Woram et al., 2004); 
in a comparative analysis of the rainbow trout (Oncorhynchus mykiss) genome with two other 
species of fish, Artic charr, S. alpinus, and Atlantic salmon, Salmo salar (Danzmann et al., 
2005) and in Pacific abalone, H. discus hannai (Liu et al., 2006). 
1.8.3.5. Segregation distortion 
The definition of segregation distortion loci (SDL) is chromosomal regions that cause 
distorted segregation ratios.  SDL are generally identified by linked markers that show non-
Mendelian segregation (Zhu et al., 2007). 
Segregation distortion is a problem that is often encountered in mapping populations and 
occurs when markers do not segregate according to the expected Mendelian segregation ratio, 
i.e. 1:1 or 3:1.  It is detected by doing chi-square analysis to compare all the observed progeny 
ratios against the expected ratios (Baranski et al., 2006; Shen et al., 2007). 
The two primary causes of distorted segregation ratios are null alleles and zygotic viability 
selection (Reece et al., 2004).  Non-Mendelian segregation ratios can have technical i.e. 
genotyping errors, or biological causes such as genetic isolation in parental populations and 
inbreeding depression (Bratteler et al., 2006).  Segregation distortion has been frequently 
related to sterility genes, gamete genes (reduce gamete viability) and chromosome 
translocations.  The degree of segregation distortion displayed by molecular markers linked to 
the SDL depends on the position and size of the SDL and consequently it is possible to locate 
the SDL using the distortion (Zhu and Zhang, 2007). 
Segregation distortion has been widely reported in bivalve molluscs (Yu and Guo, 2003; Li 
and Guo, 2004) and in the few Haliotis maps developed to date; H. discus hannai (Liu et al., 
2006; Sekino and Hara, 2007) and H. rubra (before Bonferroni correction) (Baranski et al., 
2006). 




1.8.3. Genome coverage 
Fundamental characteristics of an organism are its genome length (in Morgans or 
centiMorgans) and its diploid chromosome number.  The genome length was classically 
estimated using chiasma counts in meioses (Chakravarti et al., 1991). 
The genetic length (Morgans; G) can easily be calculated if a dense linkage map of each 
chromosome is available and is calculated as the sum of all the mapped intervals.  However, a 
preliminary estimate of G is useful when regions of the genome are not covered due to a low 
marker number (partial or incomplete genetic maps) (Chakravarti et al., 1991).  Hulbert et al. 
(1988) proposed a simple and useful method for estimating G when only partial linkage data 
is available. 
The method employed by Hulbert et al. (1988) is a method-of-moments type estimator of G, 
where G is determined by calculating the observed and expected number of locus pairs, which 
are greater than a specified log og the odds (LOD) score, i.e. LOD 3.  An advantage of the 
method is that no prior knowledge of the chromosome number is required.  Drawbacks, 
however, are that the properties of the estimation procedure are unknown and the standard 
error of the estimate cannot be easily attained (Chakravarti et al., 1991). 
Another estimate of G suggested by Chakravarti et al. (1991) uses a maximum likelihood 
method and assumes that there is no interference and the chromosomes are of equal length.  
These assumptions facilitate the calculation of the variance and confidence limits of G.  A 
disadvantage of the maximum likelihood method is that knowledge of the chromosome 
number is required, although there is a possibility of estimating the chromosome number 
(Chakravarti et al., 1991). 
The maximum likelihood method is superior to the method-of-moments when the data are 
incomplete or when the chromosome lengths differ.  When the linkage data are relatively 
comprehensive, both procedures, however, perform equally well (Chakravarti et al., 1991). 
Fishman et al. (2001) determined the estimated genome length by first calculating the average 
framework marker spacing (s), which is determined by dividing the total length of all the 
linkage groups by the number of intervals present (number of markers minus number of 
linkage groups).  The value of s is used to account for chromosome ends past the terminal 




markers, and 2s therefore added to the length of each linkage group.  The total of all the 
newly determined linkage group lengths (with 2s added) is the estimated genome length. 
In this study several techniques were used to estimate genome length: the method described 
by Fishman et al. (2001) and method four as described by Chakravarti et al. (1991). 





The aim of this study is to identify AFLP-based markers, to monitor their segregation in a 
single full-sib family and to use these markers and additional microsatellite markers to 
generate a first genetic linkage map for H. midae.  The aim will be achieved through the use 
of fluorescent AFLP technology and automated microsatellite genotyping.  Optimisation of 
the AFLP technology will be carried out by testing for optimal fluorescent primer 
combinations.  The microsatellite markers have been identified and developed by Slabbert et 
al. (in press).  Applicable software will be utilised to generate the preliminary linkage map 
using the data obtained from the fluorescent AFLP-based and microsatellite markers. 
The outcome of this study will provide information that can be incorporated in the abalone 
enhancement programme.  Upon its completion the preliminary linkage map upon may be 
used to locate markers that are linked to the QTL of interest. 
Future objectives of the abalone enhancement programme, of which this study forms a small 
part, are the saturation of the preliminary linkage map with a large number of additional 
markers as well as different types of markers, for example SNPs that have been developed in 
separate studies and would provide a denser and more informative map. 
 











CHAPTER 2 - DNA EXTRACTIONS 
The work described in this chapter has been published as a short communication in the 
Journal of Aquaculture Research (Badenhorst and Roodt-Wilding, 2007; Appendix A). 
Construction of a linkage map requires first and foremost the isolation of suitable DNA 
starting material, regardless of the kind of population or DNA markers being used.  There are 
numerous DNA extraction methodologies available, but care must be taken to isolate DNA of 
suitable quantity and quality, while aiming for simplicity and speed.  The use of AFLP 
technology, as in this study, is especially troublesome as high molecular weight DNA is 
required (~100-1000ng) and the DNA must be free of contaminants, such as non-target DNA 
or/and inhibitory compounds.  The contaminants may cause problems in any of the steps 
(digestion, ligation and amplification) of the AFLP analysis and can result in reduced gel 
resolution or artifactual peaks (Young, 2000; Meudt and Clarke, 2007). 
DNA suitable for molecular studies of abalone is commonly obtained from the epipodia 
(sensory tentacles) using non-destructive sampling techniques (Slabbert and Roodt-Wilding, 
2006).  These can be sampled from animals older than approximately one year (± 3-4cm).  In 
studies that have time constraints, alternative sources of DNA must be considered.  Abalone 
larvae (1-5 days) and juveniles (± 5 days-1 year) are considered here as possible DNA sources 
for fluorescent AFLP analysis.  As small amounts of tissue are involved and high-quality 
DNA is required for AFLPs, variations of the CTAB extraction protocol (usually used for the 
adult epipodia) (Li and Guo, 2004) and lysis (extraction) buffer protocols (Walsh et al., 1991; 
Simpson et al., 1999; Gruenthal and Burton, 2005; Ki et al., 2005; Vadopalas et al., 2006) are 
considered. 
2.1. Materials and Methods 
2.1.1. Sampling 
A single full-sib family (F1) was used in this study.  The mature female and male parents were 
chosen at random from hatchery broodstock (the broodstock are obtained from wild abalone 
populations).  The family was bred and reared at the I&J abalone hatchery (Gansbaai, South 
Africa).  Parental material of the reference family was obtained by non-destructive sampling 
(Slabbert and Roodt-Wilding, 2006) of 2-3 epipodia (sensory tentacle) per parent.  Progeny 




(F1) of the reference family were randomly sampled at 5 days old (veliger larvae), 2- (± 2mm) 
and 3.5- (± 5mm) months-old (juveniles).  All sample materials were stored in 100% (v/v) 
ethanol at 2-6oC. Individual larvae were sampled under a stereomicroscope, using a 
micropipette. 
2.1.2. DNA extraction 
(A) DNA of adult and juvenile (2- and 3.5-month-old) abalone were extracted using a 
variation of the protocol described by Li and Guo (2004) (based on Saghai-Maroof et al., 
1984).  Whole tissue of the progeny was used where the tissue could be removed from their 
shells, while a single epipodia was used for the parental (mature) tissue.  DNA was extracted 
from these tissues (epipodia and whole tissue) using the phenol-chloroform protocol (Li and 
Guo, 2004); the tissue was placed in 700µl lysis buffer [2% (m/v) CTAB, 100mM Tris-HCl 
(pH 6.8), 1.4M NaCl, 20mM EDTA (pH 8), 0.2% (v/v) 2-ß mercaptoethanol] and 5µl 
10mg/ml proteinase K, briefly vortexed and incubated at 60oC overnight.  DNA was extracted 
once with phenol-choloroform-isoamyl alcohol (25:24:1), twice with cholorofom-isoamyl 
alcohol (24:1) and then precipitated with cold isopropanol overnight in a freezer.  Pellets were 
washed twice in 70% (v/v) ethanol, dried, and suspended in 50µl sterile ddH2O and stored at 
2-6oC. 
As only microscopic quantities of tissue are available from larvae, the CTAB extraction 
protocol usually used for adult abalone (epipodial extraction; DNA extraction method A 
above) was not appropriate. 
Alternative protocols were tested for the larvae: 
(B) The Chelex protocol as described by Walsh et al. (1991): A single larva together with 
200µl extraction buffer [10% (v/v) Chelex 100 resin solution, 10mg/ml proteinase K] was 
placed on an orbital incubator at 56oC for 30 min in a 1.5ml eppendorf tube, followed by a 
95oC incubation for 10 min in a heat block.  The supernatant was collected and stored at -
20oC. 
(C) A variation of Ki et al. (2005), using 30µl extraction buffer (autoclaved distilled water, 
10mg/ml proteinase K) and a single larva in a 0.5ml micro-centrifuge tube.  A one-step 
incubation/denaturation protocol was used, incubating the sample for 50 min at 55oC followed 
by denaturation at 95oC for 10 min.  The extract solution was stored at 2-6oC. 




(D) The protocol as described by Vadopalas et al. (2006), where single whole larva were 
incubated in a 200µl lysis buffer [10mM Tris-HCl (pH 8.3), 50mM KCl, 0.5% (v/v) Tween 
20] and 10mg/ml proteinase K, for 2 h at 55oC followed by 30 min at 95oC. 
In addition to these methods, protocols as described by Simpson et al. (1999) (E) and 
Gruenthal and Burton (2005) (F) which uses an identical lysis buffer as described in method 
D, were tested.  The only difference from the previous extraction protocols was the extraction 
volume and a different one-step incubation/denaturation time: 15µl extraction buffer, 60 min 
at 65oC followed by 15 min at 94oC (E) and 10µl lysis buffer, 1 h at 60oC followed by 20 min 
at 80oC (F). 
(G) Three protocols (methods D, E and F) were later modified to include 50mM EDTA in the 
lysis buffer as EDTA inhibits the action of DNAses, which break down genomic DNA. 
(H) Products of the extractions using a lysis buffer (methods D, E and F) were, in addition, 
also precipitated with 100% ethanol after the incubation/denaturation step.  The pellets were 
washed twice in 70% ethanol, dried, and suspended in 50µl sterile ddH20 to determine if more 
concentrated genomic DNA was obtained with the additional precipitation step compared 
with using only the lysis buffer. 
(I) A variation of the protocol described by Mo and Rinkevich (2001) was used, after isolation 
of larval DNA using the lysis buffer (from methods D-F).  After completion of the 
incubation/denaturation step (60 min at 65oC followed by 15 min at 94oC), DNA was 
extracted once with equilibrated phenol (pH 8), once with phenol-chloroform-isoamyl alcohol 
and finally, a chloroform-isoamyl alcohol step.  The DNA was precipitated with 100% 
ethanol, the pellet washed twice with 70% ethanol and the extracted DNA was dissolved with 
40µl sterile distilled water. 
All DNA concentrations (wavelength 260/280) and purities (wavelength 230/260) were 
measured using a NanoDrop spectrophotometer (ND-1000 Spectrophotometer; NanoDrop 
Technologies) and when concentrations were > 100ng/µl they were adjusted to 100ng/µl for 
AFLP analysis.  A DNA sample was considered to be of high-quality when the 230/260 
wavelength was > 260/280 wavelength, and the value of the 260/280 wavelength was ≥ 1.8.  
A further criterion was a significantly different graph trough and peak of the DNA sample 
being measured. 





With the older juveniles (method A), 70-100ng/µl and with the 2- and 3.5-month-old 
juveniles, > 300ng/µl DNA yield was obtained.  The 3.5-month-old juvenile samples yielded 
the highest concentration of DNA and were adjusted to 100ng/µl for AFLP analysis 
(Appendix B).  Furthermore, the majority of the 3.5-month-old samples yielded 
uncontaminated DNA, which contained no inhibitory compounds or proteins.  These extracts 
could be visualised through electrophoresis on an agarose gel stained with ethidium bromide 
(Figure 2.1) unlike the larvae extracts, which could not be visualised at all on an agarose gel. 
Figure 2.1.  Agarose gel depicting the quality of the juvenile genomic DNA extractions obtained by using 
the protocol of Li and Guo (2004).  Lanes 1-5 contain extracted DNA from 2-month-old juvenile samples, 
while lanes 6-15 contain the 3.5-month-old juveniles’ extracted DNA samples.  Lane 16 contains a 1kb 
DNA Ladder (Bioline, London, UK). 
 
For the larvae, the Chelex extraction (method B); the distilled water protocol (method C); the 
additional precipitation steps (method H) and the added phenol-chloroform-isoamyl wash 
steps (method I) yielded the poorest results (< 8ng/µl) and were subsequently not further 
considered for AFLP analysis.  The Simpson et al. (1999) and Gruenthal and Burton (2005) 
protocols with added/additional 50mM EDTA (method G) yielded superior results (± 50-
80ng/µl) compared with the protocols using only lysis buffer without EDTA (± 20-40ng/µl) 
(methods E and F) and the Vadopalas et al. (2006) protocol (± 40ng/µl) (method D).  The 
superior extracts (method G) and those from methods D, E and F were subsequently used for 
fluorescent AFLP analysis (Table 2.1). 
 




Table 2.1.  Summary of samples and DNA extraction protocols used and results of the extractions and 
fluorescent AFLP analysis. 


















Li and Guo, 2004 CTAB extraction A Best results (> 300ng/µl) Yes Good 
Larvae          
(5 days 
old) 
Walsh et al., 1991 Chelex B Poor 
(< 8ng/µl) No N/A Ki et al., 2005 
A lysis buffer 
C 




Simpson et al., 1999 E Average 
(± 20-40ng/µl) Yes Gruenthal and Burton, 2005 F 
Methods C, D & E A lysis buffer 
+ added EDTA G 
Good 
(± 50-80ng/µl) Yes 
Methods C, D & E 





(< 8ng/µl) No N/A 
Mo and Rinkevich, 2001 A lysis buffer + 
wash steps I 
 
2.3. Discussion 
2.3.1. Juvenile abalone 
As larvae were not yielding workable extracts for AFLP analysis, juvenile abalone were 
considered.  Two age groups were tested; 2-month and 3.5-month-old juveniles.  These two 
age groups were considered because, unlike the larvae, the juvenile abalone are easily visible 
to the naked eye at these stages (although still quite small; ± 2-5mm) and since they are much 
larger than the microscopic abalone larvae, it was thought that greater quantities of genomic 
DNA and better quality DNA could be obtained compared to the larvae. 
The 2-month-old juveniles (± 2mm) were extracted whole with their shell as they were too 
small to remove from the shell, while the 3.5-month-old juveniles (± 5mm; Figure 2.2 and 
2.3) were large enough for the shell to be removed easily.  The extracts obtained were of a 
higher quality and purity than those obtained from the larvae, although the 3.5-month-old 




juveniles yielded the best results.  These extracts were tested for AFLP analysis and it was 
found that the 3.5-month-old juveniles yielded good results with AFLP analysis, while the 2-
month-old juveniles yielded no results.  As the 2-month-old juveniles were extracted with 


















Figure 2.3.  Size of a 3.5-month-old abalone (4.64mm) measured using a calliper. 




2.3.2. Abalone larvae 
In abalone, DNA is commonly obtained from the epipodia (sensory tentacles).  Abalone 
require approximately a year of growth before they reach a size at which the epipodia can be 
sampled without difficulty.  Methods were therefore investigated in which samples could be 
taken at an earlier stage so time, waiting for them to grow to an appropriate size for epipodial 
sampling, would not be an issue.  Various sizes, from larvae to juveniles younger than one 
year, were therefore considered for extraction. 
Abalone larvae undergo settlement five days after hatching from their eggs; consequently 
larvae can be sampled between 1-5 days old.  In addition, according to Vos et al. (1995), 
small quantities of DNA, i.e. 2.5pg, can be used effectively for AFLP analysis and low DNA 
concentrations extracted from larvae were sufficient for PCR and microsatellite analysis in the 
study by Vadopalas et al. (2006).  Scallop larvae that yielded concentrations of approximately 
5ng/µl were successfully used in an AFLP study by Wang et al. (2004).  Thus larvae were 
considered a viable option for this study. 
Veliger larvae at five days old were chosen, as the younger larvae were harder to differentiate 
individually under the stereomicroscope.  The 5-day-old larvae had already developed shells 
and were found to yield more DNA than their younger counterparts. 
Extractions (Methods B-I) carried out using the 5-day-old larvae yielded low concentrations 
and poor quality DNA.  Although AFLP analysis can be carried out using low concentrations 
of DNA, it is important that the DNA is uncontaminated (no inhibitory compounds or 
proteins) and of good quality.  Various extraction methodologies were therefore tested, as 
described, to determine if results could be improved.  Additional steps were added to the 
extraction methodologies found in the literature, such as EDTA (method G) as EDTA has 
been noted to prevent DNA degradation in lysis buffers containing TRIS-HCl, KCl and 
Tween and EDTA inhibits the action of DNAses in general. 
In method (H) additional precipitation steps were added in an attempt to remove the lysis 
buffers’ reagents and yield a purified product as the components of the lysis buffer may 
interfere with the AFLP analysis at the restriction-ligation steps. 




In method (I) the same principle was followed as above, by adding additional 
phenol/cholorform steps in an attempt to purify the extract and to remove proteins still in 
solution. 
None of the methodologies tested on the 5-day-old larvae (methods B-I) yielded DNA 
extracts suitable for AFLP analysis.  This is contrary to studies with scallop where larval 
DNA was used successfully for AFLP analysis (Wang et al., 2004).  Scallop larvae are, 
however, morphologically different from abalone larvae and Wang et al. (2004) also used the 
AFLP protocol as described by Vos et al. (1995).  The AFLP plant mapping kit used in this 
study may be more sensitive to contaminating components and poor quality DNA than the 
AFLP procedure described by Vos et al. (1995). 
Even though the extracts obtained from larvae using the mentioned lysis buffers are sufficient 
for PCR (Vadopalas et al., 2006), it appears to be inappropriate for fluorescent AFLP 
analysis.  This may be due to the extracts being poor quality (partly degraded) DNA resulting 
in the restriction-ligation reaction being impeded.  The DNA obtained from larvae using these 
lysis buffers may also not be enough for fluorescent AFLP analysis, as ideally 100ng/µl is 
required.  This quantity could probably be less for abalone tissue as a fluorescent AFLP trial 
run carried out using DNA obtained from adult abalone epipodia, adjusted to 20ng/µl, gave 
good results. 
It is concluded that the CTAB extraction protocol (method A) yielded the best results with 
parent and juvenile abalone and that the smallest size and youngest age for sampling juvenile 
abalone for fluorescent AFLP applications is ± 5mm and 3.5-month-old, respectively. 
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CHAPTER 3 - AFLP MARKER DEVELOPMENT & 
ANALYSIS 
AFLP analysis has come a long way since its introduction in 1995 and has become the 
preferred marker system for numerous studies on plants and lately for animals, fungi and 
bacteria.  The AFLP markers are produced through restriction endonuclease digestion of 
genomic DNA, followed by a selective amplification step (Figure 3.1) and electrophoresis of 
a subset of fragments, thereby generating a DNA fingerprint.  The DNA fingerprint is unique 
for each individual and is reproducible.  AFLP markers are dominant markers and are 
relatively fast and easily produced, informative (due to their sheer number) and require no 
prior sequence knowledge, making them ideal for genomic studies (Meudt and Clarke, 2007). 
Figure 3.1.  Overview of the AFLP procedure (Meudt and Clarke, 2007). 
Automated genotyping is slowly replacing gel-based systems, due to their high throughput 
and superior data quality.  Fluorescent AFLP analysis allows for rapid data analysis and 
generation of numerous AFLP markers, ideal for linkage mapping (Meudt and Clarke, 2007). 
3.1. Materials and Methods 
The AFLP protocol originally described by Vos et al. (1995) was conducted according to 
Perkin-Elmer’s AFLP plant mapping kit protocol (Applied Biosystems) with some 




modifications.  The adapters, preselective and selective primers and AFLP amplification core 
mix were purchased from Applied Biosystems (Applied Biosystems, Foster City, CA, USA), 
while the restriction enzymes and T4 DNA ligase were from New England Biolabs (Beverly, 
MA). 
AFLP fragments are dominant, multilocus markers that can only be scored as present or 
absent, consequently any failure to amplify a fragment will reduce AFLP reliability.  
Preventative measures to overcome amplification failure have been included in this study, 
such as the use of high-quality DNA and an excess of restriction enzymes, ensuring that 
complete digestion occurs.  Enzymes that are sensitive to DNA methylation are avoided, as 
restriction enzymes will not cleave methylated DNA when the restriction enzyme target site 
overlaps with a methylation site.  High stringency PCR protocols are used guaranteeing that 
only primers perfectly matched to the template sequences amplify, thereby eliminating 
mispriming (Mueller and Wolfenbarger, 1999). 
3.1.1. DNA material 
A single full-sib H. midae F1 family was used for DNA collection following a two-way 
pseudo-testcross strategy, as both parents in the cross are investigated for the source of the 
marker alleles.  This strategy was implemented as the testcross mating configuration is 
unknown, unlike in a conventional testcross where the mating configuration is known 
beforehand and the tester is homozygous for the locus of interest.  The pseudo-testcross 
strategy refers to a cross between heterozygous parents where one parent is heterozygous for 
the polymorphic markers and null in the other parent and the polymorphic markers 
consequently segregate in a 1:1 ratio in the progeny.  The configurations of the parents are 
therefore only inferred after analysing the parental origin and segregation of markers in the 
offspring (Pérez et al., 2004; Liao et al., 2007). 
DNA was extracted from 3.5-month-old abalone juveniles (refer to DNA extraction chapter, 
section 2.1.2.), using the extraction protocol described by Li and Guo (2004) (based on 
Saghai-Maroof et al., 1984).  One hundred and twenty-six progeny were sampled at random 
and stored in 100% ethanol prior to DNA extraction. 




3.1.2. Restriction and ligation of genomic DNA 
Prior to use, the adapter pairs were annealed in a water bath at 95oC for 5 min and allowed to 
cool to room temperature, over a 10 min period.  This annealing only needed to be carried out 
once (initially). 
The restriction-ligation reaction (Figure 3.2) contained 5.5µl genomic DNA (∼ 0.5µg/ul), 
1.1µl 10x T4 DNA ligase buffer with ATP, 1.1µl 0.5M NaCl, 0.55µl of 1mg/ml bovine serum 
albumin (BSA), 1U MseI, 5U EcoRI, 1U T4 DNA ligase, 50 pmol MseI adapter, 5 pmol 
EcoRI adapter, and water to bring the final volume to 11µl.  The reaction mixture was 
incubated overnight at room temperature to allow for complete digestion of template DNA 
and then diluted with 150µl TE0.1 Buffer (20 mM Tris-HCl, 0.1 mM EDTA, pH 8.0).  The 
samples were stored at 2-6oC for up to 1 month, or at -15 to -25oC for longer periods. 
Figure 3.2.  DNA template preparation (restriction reaction) and ligation of AFLP adapters (Perkin-
Elmer, 1997). 
3.1.3. Preselective amplification 
The preselective amplification (Figure 3.3) was carried out using primers complementary to 
the adapter sequence and restriction enzyme recognition site with an additional nucleotide at 
the 3’ end.  The 20µl reaction contained 4µl of diluted DNA prepared by restriction-ligation, 
15µl AFLP amplification core mix, and 1µl preselective primer mix (0.5µl of each EcoRI and 
MseI preselective primer). 




Figure 3.3.  Preselective amplification of the prepared template DNA (Perkin-Elmer, 1997). 
 
The PCR programme was: 72oC for 2 min, followed by 25 repetitive cycles of 94oC for 25 s, 
56oC for 30 s, and 72oC for 2 min, with a final hold at 60oC for 30 min.  All samples were 
stored at 2-6oC following amplification and dilution. 
The amplification products’ dilution factor was 10-15 fold depending on the intensity of the 
preselective amplification product visualised on a 1.5% (m/v) agarose gel.  The amplification 
product (10µl product) was diluted using TE0.1 Buffer (20 mM Tris-HCl, 0.1 mM EDTA, pH 
8.0). 
3.1.4. Selective PCR amplification 
The selective primers are complementary to the adapter sequence (preselective primer) and 
contain three additional bases at the 3’ end.  The 5’ end of the EcoRI selective primer has a 
fluorescent dye attached, fluorescently labeled with either FAM (blue), NED (yellow) or JOE 
(green). 
The amplification reaction contained 1.5µl diluted preselective amplification reaction product, 
0.5µl EcoRI selective dye primer containing 3 user-selected nucleotides (at 1µM), 0.5µl MseI 
selective primer without label that contains 3 user-selected nucleotides (at 5µM), and 7.5µl 
AFLP amplification core mix. 
The selective amplification (Figure 3.4) was run with a touchdown profile: an initial 2 min 
denaturing step at 94oC, followed by 10 cycles of 94oC for 20 s, 66oC for 30 s, and 72oC for 2 
min, with a 1oC decrease in annealing temperature each cycle, followed by 25 cycles of 
amplification at 94oC for 20 s, 56oC for 30 s, and 72oC for 2 min and finally a hold at 60oC for 
30 min.  The samples were stored at 4oC and the selective PCR product was used for 
electrophoresis and data collection. 
 







Figure 3.4.  Selective amplification procedure (Perkin-Elmer, 1997). 
3.1.5. Loading and marker identification of samples 
Electrophoresis and data collection was carried out on an ABI 3130xl genetic analyser 
(Applied Biosystems, Foster City, CA, USA).  The reaction mixture contained 1.0-1.5µl of 
selective PCR product, 12µl deionized formamide (Applied Biosystems), and 0.3µl 
GeneScan-500 ROX (Applied Biosystems) labeled size standard for AFLP analysis.  Samples 
were denatured at 95oC for 5 min and immediately cooled on ice before loading onto the ABI 
3130xl genetic analyser in a 50cm Capillary Array (Applied Biosystems) and run in Filter Set 
F, following the manufacturer’s instructions. 
Raw data was collected using Genetic Analyser Data Collection software 3.0 (Applied 
Biosystems) and analysed on GeneMapper 4.0 (Applied Biosystems). 
3.1.6. AFLP data collection 
Fragments in the range of 50 to 500 base pairs (bp) were counted and scored.  AFLP markers 
were scored if a peak was present in one parent and absent (null) in the other parent or present 
in both parents and segregating in the offspring.  The peaks of the segregating AFLP loci 
were scored as dominant markers for mapping analysis: peak/loci present (AA or Aa) or 
absent (aa).  Variations between peak intensities (dosage differences) were not used for 
scoring.  The analysis software parameters were set according to the manufacturer’s 
instructions (Perkin-Elmer, 1997). 
The AFLP markers were named based on primer combinations used to produce them as well 
as their fragment size.  Letters and numbers were used to code the EcoRI- and MseI-selective 




primers, respectively, followed by the letter f (fragment) and 2 or 3 digits representing the size 
in base pairs.  For example, the marker A1f267 represents the 267bp fragment produced by 
the primer pair, EcoRI primer ACA (A) and MseI primer CTC (1). 
3.1.7. Segregation analysis 
Two kinds of segregating AFLP markers could be identified, namely type 1:1 markers, where 
one parent is heterozygous (peak, A/a) and the other is homozygous (no peak, a/a) and the F1 
offspring are expected to segregate in a 1:1 (peak, A/a: no peak, a/a) ratio.  The other type is a 
3:1 marker where both parents are heterozygous for the peak (A/a and A/a) and the offspring 
are expected to segregate in a 3:1 (peak, A/a or A/A: no peak, a/a) ratio.  All segregating 
markers were tested for goodness of fit (observed-to-expected allelic ratios) to the 1:1 and 3:1 
Mendelian ratio using chi-square analysis and a significance level of P = 0.05 (Appendix C).  
In addition, a Bonferroni correction (Rice, 1989) was applied to limit the experiment-wide 
error associated with multiple testing (Sokal and Rohlf, 1995).  The critical χ2 value was 
calculated by dividing the P value (0.05) by the number of linkage groups (Woram et al., 
2004).  The use of the number of linkage groups compensates for the increased likelihood of 
creating type II errors when applying the Bonferroni correction to a large number of tests 
(Baranski et al., 2006). 
A marker was considered to have distorted segregation when the marker data deviated 
significantly from the 1:1 or 3:1 Mendelian ratios (P < 0.05). 
3.2. Results 
Among the 126 progeny sampled, 16 progeny were discarded due to poor DNA quality, and 
two had AFLP profiles (Figure 3.5 and 3.6) different (few scattered peaks) from those of the 
parents AFLP profiles (numerous peaks) (Figure 3.7).  Different AFLP profiles most likely 
due to contaminating DNA or abalone juveniles from a different group intermingling with the 









Figure 3.5.  AFLP deusitometer readings of offspring sample (008) displaying different AFLP profiles 
compared to for example parent profiles in Figure 3.7. 
 
Figure 3.6.  AFLP deusitometer readings of offspring sample (101) displaying different AFLP profiles 
compared to for example parent profiles in Figure 3.7. 




Figure 3.7.  An example of an AFLP deusitometer reading of parent profiles amplified with a superior 
primer combination. 
A total of 64 selective primer combinations were initially screened on the parents, as the 
progeny were not yet available at the time when primer combinations were evaluated.  Primer 
combinations were screened for level of polymorphism and marker quality.  A primer 
combinations’ usefulness for linkage mapping was based on the total number of peaks 
produced, the number of polymorphic peaks present (between the parents), the amount of 
background noise and peak quality (intensity).  A primer combination was considered 
superior if it had numerous polymorphic peaks, minimal background noise and good quality 
peaks with high peak intensity.  Of the 64 primer combinations tested, 12 superior primer 









Table 3.1.  AFLP primer combinations employed and polymorphic markers segregating according to a 1:1 
Mendelian ratio.  In parentheses (columns 1 and 2) are the letter and number codes for the EcoRI and 
MseI primers, respectively. 
Primer combination   1:1 Markers 






ACA(A) CTC(1) 66 26 39.4 
ACA(A) CTT(2) 43 19 44.2 
ACT(B) CTC(1) 40 13 32.5 
ACT(B) CAC(3) 74 35 47.3 
ACT(B) CAG(4) 56 21 37.5 
ACT(B) CAA(5) 50 25 50.0 
AGC(C) CTC(1) 36 12 33.3 
ACC(D) CTT(2) 44 24 54.5 
ACC(D) CAC(3) 36 17 47.2 
ACC(D) CTA(6) 34 7 20.6 
AAG(E) CTT(2) 47 18 38.3 
AGG(F) CTA(6) 47 24 51.1 
Total   573 241   
Average   47.8 20.1 41.3 
 
3.2.1. Markers segregating in a  1:1 Mendelian ratio 
The 12 primer pairs produced a total of 573 peaks, ranging from 34 (D6) to 74 (B3) per 
primer pair.  On average, each primer combination produced 48 peaks.  Among the 573 
peaks, 241 peaks were polymorphic [peak present (A/a) in only one parent and absent in the 
other parent (a/a) and segregating in the offspring].  Variation between the primer 
combinations was evident in the amount of polymorphic fragments generated.  The number of 
polymorphic peaks present per primer pair ranged from 7 (D6) to 35 (B3) with an average of 
20 peaks.  The level of polymorphism among primer pairs varied, ranging from 20.6% (D6) to 
54.5% (D2) (Table 3.1).  Polymorphic loci segregating in a 1:1 ratio, but with exceptionally 
low peak intensity were not included in this study. 
Among the 241 polymorphic markers showing 1:1 segregation, 173 markers segregating in 
either the female or male parent were selected for further analysis.  The remaining 68 
polymorphic markers amplified poorly in the progeny.  The number of markers that 
segregated in the female parent was 107 (61.8%) and 66 (38.2%) markers segregated in the 
male parent (Table 3.2).  In the female and male parent, 32 and 26 markers segregated in a 1:1 
ratio (at the P > 0.05 level), respectively.  However, following Bonferroni correction, 56 and 
34 markers segregated in the female and male parent, according to 1:1 Mendelian 




expectations (Appendix D), respectively.  Segregation distortion remained statistically 
significant (P < 0.05) for 51 (47.7%) markers in the female and 32 (48.5%) markers in the 
male parent, after Bonferroni correction (Table 3.3). 













Distorted markers  
(0.05 > P > 0.001) 
Distorted 
markers 
 (P < 0.001) 
Maternal parent 107 32 50 56 4 47 
  
100% 29.9% 46.7% 52.3% 3.7% 43.9% 
Paternal parent 66 26 32 34 2 30 
  100% 39.4% 48.5% 51.5% 3.0% 45.5% 
* Non-significant at P > 0.05 level. 
** Non-significant at P > 0.01 level. 
*** Non-significant (P > 0.05) after Bonferroni correction. 
Loci that showed statistically significant segregation distortion following Bonferroni 
correction at the 1:1 ratio (Table 3.3), consisted primarily of homozygote excess (null peak) 
of 51 markers (29.5%) compared to homozygote deficiency of 32 markers (18.5%). 
Table 3.3.  Markers not conforming to the 1:1 Mendelian segregation ratio. 






Maternal parent 107 51 33 18 
 
100% 47.7% 30.8% 16.8% 
Paternal parent 66 32 18 14 
 
100% 48.5% 27.3% 21.2% 
Total 173 83 51 32 
 100% 48.0% 29.5% 18.5% 
* Displaying statistically significant segregation distortion after Bonferroni correction (P < 0.05). 
3.2.2. Markers segregating in a  3:1 Mendelian ratio 
Type 3:1 markers were observed where a peak was present in both parents and segregated in 
the progeny in a 3:1 ratio, which indicated that both parents were heterozygous for the 
marker.  If the loci segregated according to Mendelian expectations (P = 0.05), the AFLP 
marker was considered polymorphic.  The number of 3:1 polymorphic markers scored for 
mapping analysis were 164 (Table 3.4), segregating through both the female and the male 
parent. 




Table 3.4.  AFLP primer combinations and polymorphic markers segregating in a 3:1 Mendelian ratio.  In 
parentheses (columns 1 and 2) are the letter and number codes for the EcoRI and MseI primers, 
respectively. 
Primer combination   3:1 Markers 










ACA(A) CTC(1) 66 40 11 16.7 
ACA(A) CTT(2) 43 24 5 11.6 
ACT(B) CTC(1) 40 27 3 7.5 
ACT(B) CAC(3) 74 39 34 45.9 
ACT(B) CAG(4) 56 35 25 44.6 
ACT(B) CAA(5) 50 25 15 30.0 
AGC(C) CTC(1) 36 24 4 11.1 
ACC(D) CTT(2) 44 20 2 4.5 
ACC(D) CAC(3) 36 19 17 47.2 
ACC(D) CTA(6) 34 27 11 32.4 
AAG(E) CTT(2) 47 29 19 40.4 
AGG(F) CTA(6) 47 23 18 38.3 
Total  573 332 164  
Average  47.8  13.7 27.5 
On average each primer combination produced 13.7 type 3:1 markers (Table 3.4).  The 
number of polymorphic type 3:1 markers produced per primer pair ranged from 2 (D2) to 34 
(B3) with an average of 13.7.  The level of polymorphism varied greatly between primer 
pairs, ranging from 4.5% (D2) to 47.2% (D3). 
Initially, of the 332 markers analysed for 3:1 segregation, only 84 segregated according to 3:1 
Mendelian expectations at P = 0.05.  However, following Bonferroni correction, 164 markers 
segregated according to Mendelian expectations (P > 0.05) (Table 3.5; Appendix E).  The 3:1 
segregating markers will be used to detect any potential homologies between the two parental 
linkage maps. 















Peaks segregating 3:1 332 84 131 164 168+ 
 
100% 25.3% 39.5% 49.4% 50.6% 
* Non-significant at P > 0.05 level. 
** Non-significant at P > 0.01 level. 
*** Non-significant (P > 0.05) following Bonferroni correction. 
 




3.2.3. Segregation distortion 
The number of polymorphic markers that showed segregation-ratio distortion (P < 0.05) for 
both 1:1 and 3:1 segregation was 83 (24.6%) (Table 3.6).  Based on the 1:1 marker 
segregation, segregation distortion ratios in the female and male parent were 47.6% and 
48.5% respectively (Table 3.2). 
Table 3.6.  Number of 1:1 and 3:1 segregating markers generated by AFLP amplification from the primer 
pairs tested and scored for linkage analysis. 
 
Total 
markers Type 1:1 Markers Type 3:1 markers Distorted markers 
Markers scored for 
linkage analysis 337 90 164 83* 
 
100% 26.7% 48.7% 24.6% 
*Very low quality markers were not considered for mapping analysis, including markers with peaks present in 
both parents and not segregating in a 3:1 ratio. 
 
3.3. Discussion 
The fluorescent AFLP plant mapping kit has many advantages compared to the 
autoradiograph protocol originally described by Vos et al. (1995).  The protocol is non-
radioactive, the kit is predominantly PCR-based and thus less time consuming than the Vos et 
al. (1995) protocol and also more cost-effective.  The fluorescent technique is automated, 
unlike the Vos et al. (1995) protocol, and highly informative.  Furthermore, the automated 
method is reliable, reproducible and robust and can be used to produce high-density maps.  
The kit allows for greater accuracy when scoring data and the time saved when producing 
results is a great advantage.  In addition, the ABI 310 genetic analyser used in this study made 
genotyping across samples effortless and accurate as it provided precise fragment sizing. 
Disadvantages of the automated analysis are that errors may still be present, even though the 
optimisation of parameters increased the resolution and quality of data.  For large and 
expanding datasets, automated analysis and scoring is the only practical option.  The potential 
of automated analysis cannot be fully realised due to limitations of the software available.  
The software allows for control over a limited number of parameters, such as bin width, 
minimum fragment size and the amplitude threshold.  The software needs to be improved to 
take into account the use of replicates for calibration and evaluation of the quality of the data 
and incorporate an automated method that will objectively and methodically choose the 
optimal parameters for data scoring.  Despite these drawbacks, parameters that can be 




controlled and set in the automated software at present, allows for repeatable, objective and 
much less time consuming data scoring than checking all the data manually (Meudt and 
Clarke, 2007).  Thus, automated scoring compared to manual scoring remains the superior 
choice. 
The reproducibility and consistency of the AFLP profiles or peaks generated using the 
automated AFLP protocol was tested by repeating samples at random and consistent AFLP 
profiles were obtained when selective amplification was successful.  The reproducibility of 
AFLP markers has been shown in other studies (Kocher et al., 1998; Moore et al., 1999; 
Agresti et al., 2000; Naruse et al., 2000; Wilson et al., 2002; Yu and Guo, 2003; Li and Guo, 
2004). 
The only technical problem encountered during this study was with the MseI-CTC primer, 
which started to produce low peak intensity AFLP profiles halfway through the study.  Other 
studies (Yu and Guo, 2003; Li and Guo, 2004) have reported problems with poor quality of 
the labelled primers (EcoRI primer), which often resulted in low peak intensity or absence of 
signal.  In this study three different EcoRI primers started exhibiting the same poor signal 
quality and the common denominator between these primer combinations was the MseI 
primer, as the EcoRI primers used in combination with other MseI primers yielded consistent 
results. 
3.3.1. Segregation analysis 
Primer combinations used in this study generated on average 20.1 polymorphic markers 
between the parents (type 1:1 markers).  The average obtained here is slightly less than the 
average of 22.6 markers obtained in the Pacific oyster, Crassostera gigas (Li and Guo, 2004) 
and 23.3 markers in the eastern oyster, C. virginica (Yu and Guo, 2003), but is much higher 
than the average of 10 markers obtained in the kuruma prawn, Penaeus japonicus (Li et al., 
2003).  The high levels of polymorphism generally observed when using AFLP primer pairs, 
makes the use of these markers ideal for linkage analysis in F1 progeny of a single cross (Li et 
al., 2005).  The higher polymorphic rates observed in the other studies may be due to the fact 
that the animals selected for the studies were artificially selected populations (Moore et al., 
1999; Li, Z. et al., 2006).  In this study, the mapping family was chosen at random using a 
two-way pseudo-testcross strategy, as the mating configurations were not known when the 
family was chosen. 




The female parent was more heterozygous and informative than the male parent.  Of the 1:1 
polymorphic markers (present in one parent, A/a and null in the other, a/a) which were used 
to construct the linkage maps, 107 (61.8%) segregated through the female parent, while only 
66 (38.2%) segregated through the male parent (Table 3.2.).  The fact that the female parent 
was more informative than the male parent is not an uncommon phenomenon and has been 
reported in other studies (Li and Guo, 2004; Liu et al., 2006).  Longer map lengths and higher 
female recombination rates have been noted in numerous studies (Yu and Guo, 2003; Hubert 
and Hedgecock, 2004; Li and Guo, 2004; Wang et al., 2005; Baranski et al., 2006; Liu et al., 
2006).  The mechanisms resulting in the discrepancy of recombination rates and 
informativeness between the sexes are still not well understood, even though it is a common 
phenomenon.  A number of explanations have been postulated for this phenomenon, such as 
differences between sexes in the duration of time spent in meiotic prophase, the presence of 
sequences which are recognised by sex-specific enzymes and differences in transcriptional 
activity of specific genes during meiosis between the sexes (Wang et al., 2004; Baranski et 
al., 2006). 
Co-dominant markers can be identified by comparing differences in intensity of AFLP 
fragments of the same size in different individuals.  The variations in intensity are thought to 
be positively linked with allelic copy number (Meudt and Clarke, 2007), but we were not 
comfortable in distinguishing co-dominant peaks in the data and did not apply this type of 
analysis. 
3.3.2. Segregation distortion 
In this study, the segregation distortion of AFLP markers is approximately 24.6%, when 
considering all segregating markers (1:1 and 3:1) scored for linkage analysis (Table 3.6).  
Departures from Mendelian expectations have been reported by other aquaculture studies 
using AFLP molecular markers for genetic linkage map construction: 30.53% in the guppy, 
Poecilia reticulata (Shen et al., 2007); 37.5% and 17.8% in Zhikong scallop, Chlamys farreri 
(Wang et al., 2004; Li et al., 2005 respectively); 26.9% in pacific oyster, Crassostrea gigas 
(Li and Guo, 2004); 16% in channel catfish, Ictalurus punctatus (Liu et al., 2003) and 13.3% 
in rainbow trout, Oncorhynchus mykiss (Young et al., 1998). 
Segregation distortion is a problem that is frequently encountered in mapping populations 
used for linkage analysis (Jiang et al., 2000).  There are several factors that may cause 
segregation distortion: the use of a small population for mapping; DNA that is damaged; 




superior fertilisation (Tan et al., 2001); amplification of fragments of the same size from 
numerous different genomic regions (Faris et al., 1998; Negi et al., 2000); transmission that is 
distorted between genetically different genomes (Fishman et al., 2001); zygotic selection 
(Rick, 1969) or using parents from different populations containing a high genetic load 
(Fishman et al., 2001).  Genetic load is a determination of all deleterious recessive alleles 
present in the gene pool of a population or in a family line.  A high genetic load is therefore 
when a population or family line has a high frequency of harmful recessive alleles (Klug and 
Cummings, 2003).  Segregation distortion may also be caused by a shortage in identical-by-
descent homozygotes due to a high genetic load (Launey and Hedgecock, 2001) indicating 
selection against detrimental recessive mutations (Yu and Guo, 2003).  This is due to harmful 
recessive alleles being filtered out of the family line, leading to a deficiency in homozygotes 
of the recessive alleles.  Deleterious recessive alleles in homozygous form impact negatively 
on survival and may result in a natural selection against homozygotes of the harmful recessive 
alleles.  However, as homozygote deficiency accounted for less of the segregation distortion 
(18.5%) of the 1:1 Mendelian segregation ratio identified in this study compared to 
homozygous excess, (29.5%) (Table 3.3) genetic load is most likely not a contributing factor 
to the segregation distortion observed.  Variations in the level of segregation distortion may 
be a helpful indicator of variation within the population under investigation with regard to the 
populations’ lineage or genetic load (Yu and Guo, 2003), but could not be measured in this 
study. 
The segregation distortion figure identified in this study may, however, not be an accurate 
reflection, studies have reported selectively scoring loci, as loci with few or numerous bands 
were originally thought to be artefacts (Pérez et al., 2004).  In contrast all loci (including loci 
with few or numerous peaks) were included in this study.  Loci were not scored only if the 
loci contained no peaks segregating in the progeny. 
3.3.3. Transferability of the AFLPs 
One of the main disadvantages of AFLPs is their poor mobility between different populations 
and laboratories.  However, the transferability between laboratories depends largely on the 
type of scoring systems used.  Automatic genetic analysers and sequencers, such as ABI 310 
used in this study, should be more transferable compared to gel-based genotyping.  The best 
strategy for mapping in molluscs is to use AFLP markers in combination with co-dominant 
markers, such as microsatellites, which provide conveyable landmarks.  The AFLP markers 




may then saturate and fill gaps in the map.  For laboratories that do not have microsatellite 
facilities, AFLP markers are their best choice (Li and Guo, 2004).  The reasonably easy 
development of AFLP markers and the use of automated genotyping instead of silver staining 
allows for accurate sizing, which to some extent compensates for AFLP markers’ poor 
transferability (Li et al., 2005). 
The best strategy for developing a linkage map may be to use microsatellites in combination 
with AFLPs.  The microsatellites can confer a backbone for the linkage map and allow some 
transferability of the map between laboratories and populations, and AFLPs can be used to 
saturate and fill the gaps of the map (Yu and Guo, 2003).  This strategy should be kept in 
mind for the development of a dense linkage map of H. midae in future. 
 











CHAPTER 4 - MICROSATELLITE MARKER ANALYSIS 
Microsatellite (MS) markers are tandem arrays of short nucleotide repeats and are useful in 
the development of saturated linkage maps (Reece et al., 2004).  Microsatellite markers 
compared to AFLP markers require more time and effort to develop (Baranski et al., 2006), 
but are easily transferable between populations and laboratories.  Microsatellite markers are 
found in both coding and noncoding regions (Toth et al., 2000) and are predicted to be 
distributed throughout the genome (Cristescu et al., 2006).  In addition, microsatellite markers 
have co-dominant inheritance and due to their hyper-variable nature, aid the assessments of 
sex-specific recombination rates in full-sib families (Hubert and Hedgecock, 2004).  All these 
characteristics endorse microsatellite markers as model markers for linkage map development. 
4.1. Materials and Methods 
4.1.1. DNA material 
A full-sibling H. midae family with 108 progeny was used for genotyping.  DNA from the 
3.5-month-old juveniles were extracted as described by Li and Guo (2004) (refer to DNA 
extraction chapter, section 2.1.2.). 
4.1.2. Microsatellite markers 
Microsatellite genotyping was carried out in the full-sib family using 10 microsatellite 
markers: HmNR106D, HmNR136D, HmNR20M, HmNR54H, HmNR120T, HmNR185D, 
HmNR180D, HmNR258R, HmNR281P and HmNR289P from Slabbert et al. (in press) and 
Appendix F . 
The microsatellites were fluorescently labelled with either FAM (blue), VIC (green) or PET 
(red) (Applied Biosystems).  Multiplex PCR reactions were carried out: 
Reaction 1 was performed in a 10µl volume containing 5ng/µl genomic DNA, 1x 
Buffer, 2.5mM MgCl2, 0.5mM dNTPs, 0.2µM of each HmNR20M and HmNR120T 
primer, 0.1µM of each HmNR54H primer and 0.5U Taq polymerase (Whitehead 
Scientific).  The multiplex reaction was incubated at 94oC for 4 min, then 35 cycles of 
94oC for 1 min, 52oC for 10 s and 72oC for 20 s, followed by a final elongation step at 
72oC for 10 min.  The products of reaction 1 and 2 were mixed in a 1:1 ratio and 
genotyped simultaneously.  Any remaining product was stored at 2-6oC. 




Reaction 2 consisted of the same PCR reagents and quantities as reaction 1 except the 
primers: 0.2µM of each HmNR106D primer; 0.1µM of each HmNR185D primer; and 
0.05µM of each HmNR136D primer were used.  The multiplex reaction was incubated 
at 94oC for 4 min, then 35 cycles of 94oC for 1 min, 52oC for 10 s and 72oC for 20 s, 
followed by a final elongation step at 72oC for 10 min.  The products of reaction 1 and 
2 were mixed in a 1:1 ratio and genotyped simultaneously.  Any remaining product 
was stored at 2-6oC. 
Reaction 3 was performed in a 10µl volume.  The reaction contained 5ng/µl genomic 
DNA, 1x Buffer, 2.5mM MgCl2, 0.5mM dNTPs, 0.1µM of each HmNR180D primer, 
0.3µl of each HmNR258R and HmNR281P primer, 0.2µl of each HmNR289P primer 
and 0.5U Taq polymerase (Whitehead Scientific).  The multiplex reaction was 
incubated at 94oC for 4 min, and then 35 cycles of 94oC for 1 min, 52oC for 10 s and 
72oC for 20 s, followed by a final elongation step at 72oC for 15 min.  The product of 
reaction 3 was genotyped and any remaining product was stored at 2-6oC. 
4.1.3. Genotyping 
The data collection and electrophoresis was conducted on an ABI 3130xl genetic analyser 
(Applied Biosystems).  The reaction mixture contained 1.0-1.5µl of selective PCR product, 
12µl deionized formamide (Applied Biosystems), and 0.3µl GeneScan-600 LIZ labeled size 
standard (Applied Biosystems).  Samples were denatured at 95oC for 5 min and quickly 
cooled on ice before loading onto the ABI 3130xl genetic analyser in a 50cm Capillary Array 
(Applied Biosystems) and run on Filter Set G5, following the manufacturer’s instructions. 
Raw data was collected on Genetic Analyser Data Collection Software 3.0 (Applied 
Biosystems) and analysed on GeneMapper 4.0 (Applied Biosystems). 
4.1.4. Segregation analysis 
Segregating MS markers were evaluated for deviations from the expected 1:1 (two different 
alleles were detected in the parent, with one of the parents being a heterozygote) or 1:1:1:1 
(four alleles were detected in the parents which were each heterozygous for a different pair of 
alleles) phenotypic Mendelian ratios.  Segregating markers were tested with chi-square testing 
(χ2) at a significance level of P = 0.05.  Unreliable genotypes or DNA samples that failed to 
amplify were scored as missing data.  In addition, a Bonferroni correction was applied to limit 
the experiment-wide error associated with multiple testing.  The Bonferroni correction was 




based upon the number of linkage groups [the P value (0.05) was divided by the number of 
linkage groups (n) under investigation, 0.05/n].  The number of linkage groups is deemed a 
more conservative and appropriate number as it compensates for the increased probability of 
producing type II errors when applying Bonferroni correction to large number of tests i.e. all 
markers segregation analysis tests (Woram et al., 2004). 
The female and male segregating alleles were analysed independently to obtain segregation 
data for each sex. 
A small subset (~5 samples) of the markers and samples were genotyped in duplicate to 
provide a measure of repeatibility. 
4.2. Results 
All 10 MS markers amplified successfully and were genotyped in the parents and progeny.  
The mapping parents were heterozygous for the same alleles in the MS marker, HmNR289P; 
subsequently this marker was not used for further linkage analysis (Figure 4.1). 










Segregating null alleles were identified in two of the markers, HmNR180D and HmNR281P.  
The data was tested for the occurrence of null alleles making use of the methods described by 
Chakraborty et al. (1992) and Brookfield (1996).  The null allele frequencies determined 
using the Chakraborty and Brookfield algorithms (Table 4.1) indicated that HmNR180D had 
a null allele present, as it had a positive value > 0.1.  HmNR281P was the only other marker 
besides HmNR180D to generate a positive value using these methods and thus shows a 
stronger likelihood of containing a null allele than the other eight MS markers.  These eight 
markers all had negative values with the Chakraborty and Brookfield 1 algorithms and zero 
values for the Brookfield 2 algorithm.  The presence of null alleles in HmNR180D and 
HmNR281P were confirmed by visually analysing the genotyping data on Genemapper 4.0 
(HmNR180D in Figure 4.2 and HmNR281P in Figure 4.3). 
Figure 4.2.  Presence of a null allele visually confirmed in microsatellite marker HmNR180D. 
Female parent 
Male parent, containing null allele 
Offspring sample (allele 291/null allele) 
Offspring sample (allele 285/null allele) 





Figure 4.3.  Presence of a null allele visually confirmed in microsatellite marker HmNR281P. 
Table 4.1.  Evaluation of estimated null allele frequencies of the MS markers using three algorithms 
(Chakraborty et al., 1992; Brookfield, 1996) in the full-sib family of this study. 
Locus Null Present Chakraborty Brookfield 1 Brookfield 2 
HmNR106D No -0.1123 -0.0983 0 
HmNR120T No -0.1467 -0.1467 0 
HmNR136D No -0.1429 -0.0909 0 
HmNR180D Yes 0.1747 0.1167 0.1167 
HmNR185D No -0.1436 -0.1436 0 
HmNR20M No -0.143 -0.143 0 
HmNR258R No -0.0683 -0.0544 0 
HmNR281P Yes  0.006 0.0047 0.0539 
HmNR289P No -0.0655 -0.0449 0 
HmNR54H No -0.2313 -0.2313 0 
Male parent 
Female parent, containing null allele 
Offspring sample 
Offspring sample (allele 324/null allele) 
Offspring sample (allele 352/ null allele) 




Slabbert et al. (in press), based on a sample group of 32 natural population individuals, 
calculated the null allele frequencies of the 10 MS markers used in this study using the 
Brookfield (1996) equation.  Of the ten markers, HmNR180D and HmNR281P showed an 
increased likelihood of a null allele being present: HmNR180D, 0.2047 (Slabbert et al. in 
press; Table 4.2) versus 0.1167 (this study; Table 4.1); HmNR281P, 0.1066 (Slabbert et al. in 
press; Table 4.2) versus 0.0539 (this study; Table 4.1). 
Table 4.2.  Null allele frequencies calculated using Brookfield’s (1996) equation (Slabbert et al. [in press]). 
Locus 
Null allele 
present He Ho R 
HmNR20M No 0.8491 0.8519 -0.0015 
HmNR54H No 0.7574 0.7813 -0.0136 
HmNR106D No 0.8789 0.8065 0.0385 
HmNR120T No 0.9437 0.8966 0.0242 
HmNR136D No 0.7971 0.7500 0.0262 
HmNR180D Yes 0.9064 0.5161 0.2047 
HmNR185D Yes 0.8794 0.6129 0.1418 
HmNR258R No 0.7639 0.7188 0.0256 
HmNR281P Yes 0.9188 0.7143 0.1066 
HmNR289P No 0.2574 0.2500 0.0059 
 
The nine MS markers used for linkage analysis segregated in the expected 1:1 or 1:1:1:1 
Mendelian ratio, except for HmNR281P in the female parent (P < 0.05).  However, following 
Bonferroni correction (based on the number of linkage groups), the deviation was not 
significant (Table 4.3). 
 
Table 4.3.  Segregation analysis of the nine microsatellite markers. 
 Maternal Paternal 
No. of Microsatellite Markers 8 8 
Conforming to either 1:1 or 1:1:1:1 
segregation at the 5% level 7 8 
No. of Distorted markers (P < 0.05) 1 0 
Percentage distorted markers of total 11.1% 0% 
No. of markers after Bonferroni 
correction 8 8 
 




For linkage map development, separate parental maps were constructed using markers 
segregating according to 1:1 or 1:1:1:1 Mendelian expectations.  Of the nine MS markers 
used for linkage analysis, eight MS markers were informative in the female parent and eight 
MS markers were informative in the male parent.  The MS marker HmNR136D was 
homozygous for the female parent, consequently this marker was not informative for the 
maternal map and HmNR54H was homozygous for the male parent, consequently HmNR54H 
was not informative for the paternal map.  The other seven MS (Figure 4.4 and Table 4.4) 
were informative in both of the parents. 
Figure 4.4.  Example of polymorphic marker (HmNR185D) informative in both parents (C is female 
parent, D is male parent) segregating in the offspring (A and B). 
Table 4.4.  Microsatellite markers analysed for linkage map development. 
Microsatellite markers Accession no. Maternal Paternal Ratio 
HmNR20M EF063097 ab bc 1:1:1:1 
HmNR54H EF063103 ab cc 1:1 
HmNR106D DQ825709 ab bc 1:1:1:1 
HmNR120T EF121745 ab cd 1:1:1:1 
HmNR136D DQ825710 aa ab 1:1 
HmNR180D EF121748 ab cd 1:1:1:1 
HmNR185D EF121750 ab cd 1:1:1:1 
HmNR258R EF512272 ab bc 1:1:1:1 
HmNR281P EF512274 ab cd 1:1:1:1* 
HmNR289P EF512275 ab ab 1:2:1a 
a
 Heterozygous for the same alleles in both parents. 
* Initial nominal deviation from Mendelian ratio (P < 0.05), following Bonferroni correction was non-significant 









No genotyping errors were detected when the small subset of samples (~5 samples) was 
genotyped and analysed in duplicate. 
4.3. Discussion 
The MS marker HmNR289P that was heterozygous for the same alleles in both parents (a/b x 
a/b) was considered uninformative for mapping analysis and was therefore not included for 
linkage analysis, as the backcross model of segregation was used in the construction of the 
linkage map (Liao et al., 2007) and consequently one cannot determine from which parent 
allele ‘a’ or ‘b’ originated from in the progeny. 
Without correction, approximately 11.1% of the markers segregating in the maternal parent 
and 0% of the markers segregating in the paternal parent appeared to segregate according to 
Mendelian expectations (P < 0.05).  For the two parents the figure was 0.05%.  However, 
following Bonferroni correction it was concluded that no significant segregation distortion 
occurred (Table 4.3).  The level of segregation distortion of the MS markers (nine MS 
markers) in this study is thus very low or absent and comparable to the levels reported in 
other species: 0% in prawn, Penaeus japonicus (Moore et al., 1999); 11% in the eastern 
oyster, Crassostrea virginica (following Bonferroni correction) (Reece et al., 2004); 0% in 
blacklip abalone, H. rubra (following Bonferroni correction) (Baranski et al., 2006); and 
5.4% in Pacific abalone, H. discus hannai (following Bonferroni correction) (Liu et al., 
2006). 
The cause of segregation distortion is not yet completely understood, but may be due to 
altered chromosome segregation or disparity in the survival and feasibility of different 
genotypes and gametes (Cristescu et al., 2006).  Strong zygotic selection during the larval 
stages was hypothesised to cause segregation distortion in the flat oyster, Ostrea edulis 
(Naciri et al., 1995).  This phenomenon was demonstrated experimentally by Launey and 
Hedgecock (2001) using Crassostrea gigas families, where they genotyped progeny 6 hours 
after fertilisation and then 2-3 months later.  Their findings confirmed that segregation 
distortion was negligible at the zygote stage, but during development segregation distortion 
increased.  These findings support the hypothesis that some microsatellite alleles are selected 
against due to their linkage to deleterious fitness gene alleles.  As the progeny were sampled 
at 3.5-months old, it is possible that any segregation distortion present in this study (before 
Bonferroni correction) is a result of early zygotic viability selection.  However, the number of 




MS markers used in this study is very low (10 markers, although one was not used for linkage 
analysis) and may not be a reliable reflection of segregation distortion in this population. 
Except for segregation distortion, null alleles are another shortcoming that has been noted in 
microsatellite loci (Gaffney et al., 2003; Reece et al., 2004).  In population studies the 
occurrence of null alleles may confound the analysis of deviations from expected Mendelian 
ratios, and multiple null alleles can lead to confusion when analysing population structure.  
The occurrences of non-Mendelian segregation ratios of alleles have been regularly observed 
in numerous marine invertebrates and bivalves, which hamper the creation of a linkage map 
(Hare et al., 1996; Kocher et al., 1998; Brown et al., 2000; Launey and Hedgecock, 2001). 
Despite these drawbacks, microsatellites remain ideal markers for building a foundation that 
will facilitate the development of higher-density linkage maps (Baranski et al., 2006).  
However, only 10 MS markers were used in this study, of which only nine were informative, 
and therefore this number needs to be greatly increased to ensure the anchoring of markers to 
linkage groups and increasing the transferability of the linkage map between laboratories and 
different populations. 
 









CHAPTER 5 – LINKAGE MAPPING 
Linkage or genetic mapping has become an indispensable technique since it was first 
developed.  Genes associated and located on the same chromosome are the basis for genetic 
linkage and genetic maps represent abstract models of the linear organisation of groups of 
genes and markers.  Genetic maps are meiotic maps, as they are based on homologous 
recombination between loci on a chromosome.  If genes or markers are located close together 
on a chromosome, they are generally inherited together during meiosis, as there is a link 
between the occurrence of recombination and physical distance between loci (Liu, 1998). 
Linkage maps, particularly high-density maps, aid numerous important biological 
investigations: they can be used to locate genes of interest, are essential for efficient mapping 
of QTL and MAS, as well as comparative genome mapping (Shen et al., 2007). 
5.1. Materials and Methods 
5.1.1. Linkage analysis 
Linkage analysis was carried out using the software programme MAPMAKER 3.0 (Lander 
and Green, 1987).  The two parental maps were constructed using separate datasets of 
markers segregating through either the maternal or paternal parent. 
The AFLP markers were scored as dominant markers and each separate parental dataset was 
entered into MAPMAKER 3.0 following the programme coding scheme: peak present, Aa 
(H), peak absent, aa (A).  The F2 backcross model was selected in preparing the data. 
The microsatellite markers were scored as co-dominant markers, thus only one of the two 
alleles from the heterozygous parent was selected for coding and linkage analysis.  For 
example in a cross where the parent genotypes are AB x BC (female x male), allele A was 
picked for the female parent and allele C for the male parent (alleles unique to each parent 
were chosen for coding, i.e. A and C, and not alleles shared between the parents, i.e. B).  The 
F2 backcross model was followed for the coding, similar to the AFLPs, with peak present (H) 
and peak absent (A).  Therefore, for the female parents dataset, the allele A was scored as 
absent (A) and present (H) in the progeny and the same for the male parents dataset, allele C 
was scored as absent (A) and present (H) in the progeny.  The F2 backcross model of 




MAPMAKER 3.0 assumes that all of the markers in the dataset are in coupling phase (the two 
alleles are located on the same sister chromatid). 
All segregating markers were tested for significant deviations from the expected Mendelian 
segregation ratios, i.e. a 1:1 or 3:1 segregation ratio for the AFLP markers and a 1:1 or 1:1:1:1 
segregation ratio for the microsatellite markers using a chi-square goodness-of-fit test (Refer 
chapter 3, section 3.1.7 and chapter 4, section 4.1.4).  Those markers segregating at the 1:1 
(marker present in the one parent, and null in the other) or 1:1:1:1 (markers where both 
parents are polymorphic) segregation ratios were used to construct the separate parental maps.  
The 3:1 segregation markers (both parents heterozygous for AFLP marker) were used to 
identify potential homology between the two parental maps (Table 5.1). 









Marker type AFLP & Microsatellite Microsatellite AFLP 
Parental 
genotypes 
Aa x aa, 
AB x BC AB x CD Aa x Aa 
F1 genotypes 
Aa, aa 
Or AB, BC, BB, CA AC, AD, BC, BD AA, Aa, aa 









The datasets constructed in the coupling phase were duplicated and recoded by changing H to 
A and A to H.  This is to allow for the detection of linkage markers in repulsion phase (when 
the two alleles are located on different chromatids), as the linkage phase (a term which is used 
to designate the chromatid locations of two linked loci) is currently unknown (Cervera et al., 
2001; Hubert and Hedgecock, 2004).  Markers linked in repulsion phase had an ‘r’ added at 
the end of their names as suggested by Lallias et al. (2007) to distinguish coupling and 
repulsion phase markers from each other; i.e. marker B3f309r was the recoded repulsion 
phase marker of the coupling phase marker B3f309.  This coding generated two reciprocal 
linkage groups, and only one of these linkage groups was selected for further analysis.  For 
example, if a group of three markers was obtained; B3f309r, B3f151 and D2f103r, and 
another group of three markers B3f309, B3f151r and D2f103, these two groups are the 




reciprocal of each other, and consequently only one of the groups was chosen at random for 
further linkage analysis, otherwise linkage groups with identical markers will be duplicated. 
Distorted markers (deviating significantly from the 1:1 Mendelian ratio at P = 0.05 level; i.e. 
P < 0.05 and P > 0.001) were included in this study to identify possible regions of distortion.  
The distorted markers were suffixed with a minus (-) for homozygous deficiency and a plus 
(+) for homozygous excess.  Only distorted markers at the P > 0.001 level were included in 
linkage mapping analysis in order to avoid possible false linkages, as distorted markers are 
known to influence the estimation of recombination fractions in pair-wise analysis of markers 
and the marker order in linkage groups (Zhu and Zhang, 2007). 
Linkage groups were determined at a minimum LOD of 3.0 and a stringent maximum genetic 
distance between two loci of 38cM (Kosambi distance) using the GROUP command (two-
point analysis) of MAPMAKER.  The preliminary order of the markers in each linkage group 
with less than nine markers was established by the COMPARE and MAP commands 
(multipoint analysis).  The order of markers in linkage groups with a larger number of 
markers (n ≥ 9) was established using the THREE POINT or SUGGEST SUBSET, ORDER 
and MAP commands.  Once the framework linkage groups were established with unique 
placement of the marker order, the relatively less stringent criteria (LOD ≥ 2.0 and ≤ 45cM 
genetic distance) was applied to test whether any additional markers (accessory markers) 
could be mapped to the framework map.  Following the ordering of markers within each 
linkage group, the RIPPLE command was used to test the robustness of the final map order 
obtained.  The RIPPLE function compares the likelihood of obtaining the original map order 
to those identified when the order of the neighbouring loci is permutated.  Markers that 
created a conflict in map position, where there were several potential map positions with a 
small variation in LOD score, were placed as associated markers (Liu et al., 2006).  All 
analyses were conducted with the ERROR DETECTION command on (Lincoln and Lander, 
1992) selected to detect any genotyping errors.  Map distance in centiMorgans was calculated 
using the Kosambi mapping function, which converts recombination frequencies into map 
distances and compensates for interference (Kosambi, 1944).  The linkage groups created 
were numbered according to their length, in descending order, and were drawn using 
MapChart software (Voorrips, 2002). 




Four types of markers were detected in this study: (1) framework markers (linked at LOD ≥ 
3.0 and ≤ 38cM); (2) accessory markers (linked to linkage groups at LOD ≥ 2.0 and ≤ 45cM); 
(3) associated markers (linked but unplaced markers, as they created a conflict in map 
position or significantly inflated map length, where intervals became ≥50cM); and (4) 
unlinked markers (single unlinked markers that showed no linkage to established linkage 
groups). 
5.1.2. Map comparison 
AFLP markers (peak present in both parents, Aa x Aa) that did not deviate significantly (P > 
0.05) from the expected 3:1 (Aa or AA:aa) segregation ratio (in the offspring) were used to 
identify any potential homologies between the two parental linkage groups.  Files containing 
only the framework markers and the 3:1 segregating AFLP markers were loaded into 
MAPMAKER 3.0 software for both the maternal and paternal parent.  LOD values ranging 
from 4.0 to 6.0 were used to add 3:1 markers individually to the framework maps using the 
NEAR command of MAPMAKER.  Map distances were calculated from the closest 
framework marker and converted into Kosambi map distance (Kosambi, 1944).  The linkage 
groups containing 3:1 segregating AFLP markers were drawn with MapChart (Voorrips, 
2002) and markers homologous to both parental maps were used to identify homologies 
between linkage groups of the female and male parent, acting as bridging markers between 
the linkage groups of both maps.  The segregating 3:1 markers were included in the linkage 
maps (shown linked to their closest framework marker i.e. map distance from closest 
framework marker) only if they did not contradict the map order of other 3:1 segregating 
markers linked to that marker and did not inflate the map length of the other linked 3:1 
markers. 
5.1.3. Marker distribution and genome coverage 
For calculations on the marker distribution over all linkage groups, the framework, accessory 
and distorted markers at 0.05 > P > 0.001 were used. 
The map length and genome coverage estimations were determined on two datasets: first 
estimations were made using all markers, namely framework, accessory and distorted markers 
(0.05 > P > 0.001) and secondly, with only the framework markers.  The map length and 
genome coverage estimates determined using only the framework markers will be used for 
further discussion, as the estimates determined using all markers may be inflated due to the 




distorted and accessory markers, which were added at less stringent criteria (LOD > 2.0 and < 
45cm). 
5.1.3.1. Marker distribution 
The correlation between the number of markers (AFLPs and microsatellites) and the length 
(size) of the linkage groups was analysed using the Pearson correlation coefficient (Yu and 
Guo, 2003; Wang et al., 2004; Baranski et al., 2006).  Thereafter a t-test was applied to test 
the significance of correlation coefficient at the P = 0.01 level, using the null hypothesis (Ho) 
of no correlation. 
In addition, the AFLP mapped markers were classified according to the 12 primer 
combinations from which they were derived (Wang et al., 2004).  In essence, it was 
determined how many markers derived from each primer combination were linked in the 
linkage groups of both the maternal and paternal linkage maps.  This consequently determined 
how frequently primer combinations were distributed in the male and female linkage maps in 
terms of markers they produced.  Using these findings, it can be determined which primer 
combination gave rise to the most and least markers respectively in the linkage groups.  
Furthermore, clustering of markers generated by any primer combination in specific linkage 
groups or regions can be investigated. 
5.1.3.2. Map length and genome coverage 
The average marker spacing/intervals (s) of the two framework maps (maternal and paternal) 
were calculated by dividing the summed length of the map (all the linkage groups) by the 
number of intervals (the number of markers minus the number of linkage groups).  Similarly, 
the average marker spacing of each linkage group was calculated by dividing the length of 
each linkage group by the number of intervals (the number of markers minus 1) occurring in 
that linkage group (Bratteler et al., 2006; Liu et al., 2006; Lallias et al., 2007). 
Three methods were used to calculate the estimated map/genome length for each sex.  First, 
the estimated genome length (Ge1) was determined by adding 2s (calculated above) to the 
length of each linkage group to account for chromosome ends (Fishman et al., 2001).  
Secondly, an estimated genome length (Ge2) was determined by multiplying the length of each 
linkage group by (m + 1)/(m – 1), where m is the number of framework markers in each group 
(Chakravarti et al., 1991).  These method-of-moments estimators (Hulbert et al., 1988; 
Chakravarti et al., 1991) have been found to be appropriate for estimating genome length 




from only partial linkage data, such as was found in this study  The average of the two 
estimates (Ge1 and Ge2) was used as the estimated genome length (Ge) for H. midae. 
The observed genome length was calculated for each parent using two estimates, one as the 
length of the framework map (Gof), and the second (Goa) as the total length considering all 
markers (framework, accessory and distorted markers at 0.05 > P > 0.001) (Cervera et al., 
2001).  Observed genome coverage, Cof (framework map coverage) and Coa (total map 
coverage), was determined as Gof/Ge and Goa/Ge, respectively. 
5.2. Results 
5.2.1. Maternal 1:1 linkage map 
The linkage map of the maternal H. midae parent consisted of 44 framework markers (LOD ≥ 
3) and 11 accessory markers (LOD ≥ 2 and ≤ 45cM) in 12 linkage groups, of which four were 
doublets (LOD ≥ 3) (LOD tables in Appendix G).  There were 12 unlinked markers and one 
unplaced marker which displayed linkage to two different linkage groups in its reciprocal 
coding format, in linkage group 6 (B3f273) and in linkage group 5 (B3f273r) (Figure 5.1 and 
Table 5.2). 
Table 5.2.  Length, number of markers (framework and accessory), average spacing, largest and smallest 
intervals of linkage groups of the maternal map established with MAPMAKER 3.0.  In parentheses is the 






















1 286.0 11 (1) 3 (2) 14 28.6 47.7 14.1 
2 121.4 7 1 (1) 8 20.2 38.8 2.4 
3 143.4 3 2 5 35.9 43.0 24.8 
4 130.0 5 1 6 26.0 40.3 12.9 
5 100.7 3 1* 4 50.4 37.9 26.9 
6 74.0 2 1 3 37.0 39.3 34.7 
7 72.4 2 1 3 36.2 40.1 32.3 
8 51.4 3 1* (1) 4 25.7 34.9 16.5 
9 35.3 2 0 2 35.3 35.5 - 
10 30.0 2 0 2 30.0 30.0 - 
11 19.4 2 0 2 19.4 19.4 - 
12 15.3 2 0 2 15.3 15.3 - 
Total 1079.3 44 11 55 359.9 422.2 164.6 
Average 89.9 3.7 0.8 4.5 30.0 35.2 20.6 
*Linkage groups 5 and 8 contained the same marker in its reciprocal coding: B3f273 and B3f273r linked at the 
same LOD and cM distance (not included in accessory or associated marker counts). 






Figure 5.1.  Preliminary female genetic linkage map of H. midae with markers indicated on the right and 
genetic distances (in Kosambi cM) on the left.  Markers were named after their primers and fragment 
size, and suffixed with “-” and “+” for distorted markers (prefixed with *) showing homozygote deficiency 
or excess, respectively.  Markers in italics are accessory markers placed on the framework map and 
markers shown linked to their closest framework marker are associated markers (linked but unplaced). 
The linkage groups ranged in length from 15.3cM to 286cM, with an average length of 







































































Unlinked: B3f84, *B4f239+, A2f50, 
A2f78, A2f395, E2f125, 
D2f138, B5f256, F6f113, 
HmNR180D, HmNR185D, 
and HmNR258R. 




30cM (Table 5.2).  The 12 linkage groups including the four doublets covered a total map 
length of 1079.3cM with the error detection command ‘on’, while with error detection 
command ‘off’ the total map length was 1119.3cM.  This indicated that errors inflated the 
total map length by 40cM.  The number of markers per linkage group ranged from 2 to 14, 
with an average of 4.5 markers per linkage group (Tables 5.2 and 5.3).  The average number 
of framework markers per linkage group was 3.7, ranging from 2 to 11 markers per group 
(Table 5.2). 
 
Table 5.3.  Summary of the maternal segregating markers in H. midae with the distorted markers in 
parentheses (0.05 > P > 0.001, following Bonferroni correction). 
Segregating markers 107 (4) 
No. of markers in linkage analysis 68 (4) 
Mapped AFLP markers 51 (3) 
Mapped Microsatellite markers 5 
Accessory markers 11 
Unlinked markers 12 (1) 
Linkage groups 12 
Unplaced markers 5 
Average no. of markers per group 4.5 
Minimum no. of markers per group 2 
Average marker spacing (cM)* 30 
Maximum marker spacing (cM) 47.7 
Minimum length of linkage group (cM) 15.3 
Maximum length of linkage group (cM) 286 
Total map length (cM)a 1079.3 
Total map length (cM)b 1119.3 
* Framework, accessory and distorted markers. 
a Total map length with error detection on, established with MAPMAKER 3.0. 
b Total map length with error detection off, established with MAPMAKER 3.0. 
 
The mapped markers in the maternal map included 51 AFLP markers (including three 
distorted markers) and five MS markers.  The 12 unlinked markers consisted of nine AFLP 
markers (including one distorted marker) and three MS markers (Table 5.3). 
5.2.2. Paternal 1:1 linkage map 
The map of the paternal H. midae parent consisted of 27 framework markers (LOD ≥ 3 and ≤ 
38cM) and three accessory markers (LOD ≥ 2 and ≤ 45cM) in nine linkage groups, including 
five doublets (LOD ≥ 3).  Another tentative linkage group, in the form of a doublet was 




generated at LOD ≥ 2.5 and ≤ 37.2cM (Figure 5.2 and LOD tables in Appendix H).  There 
were 14 unlinked markers (Table 5.4). 
Figure 5.2.  Preliminary male genetic linkage map of H. midae with markers indicated on the right and 
genetic distances (in Kosambi cM) on the left.  Markers were named after their primers and fragment 
size, and suffixed with “-”and “+” for distorted markers (prefixed with *) showing homozygote deficiency 
or excess, respectively.  Markers in italics are accessory markers placed on the framework map and 
underlined markers indicate an accessory marker linked to another accessory marker.  Markers shown 









































Unlinked: D3f267, A1f63, A2f129, D2f131, 
D2f379, D6f291, B5f106, B5f339, 
B1f63, F6f81, B3f169, HmNR106D, 
HmNR120T, and HmNR20M. 







Table 5.4.  Length, number of markers (framework and accessory), average spacing, largest and smallest 
intervals of linkage groups of the paternal map established with MAPMAKER 3.0.  In parentheses is the 























1 130.1 3 2 5 32.5 38.7 22.0 
2 66.4 7 (1) 0 7 13.3 26.0 5.8 
3 60.1 2 1 3 30.1 43.5 16.7 
4a 40.2 2 0 2 40.2 40.2 - 
5 37.5 2 0 2 37.5 37.5 - 
6 36.3 3 0 3 18.2 19.8 16.6 
7 35.5 2 0 2 35.5 35.5 - 
8 26.2 2 0 2 26.2 26.2 - 
9 25.1 2 0 2 25.1 25.1 - 
10 14.3 2 0 2 14.3 14.3 - 
Total 471.7 27 3 30 272.8 306.8 61.1 
Average 47.2 2.7 0.3 3 27.3 30.7 15.3 
a
 Doublet generated at LOD ≥ 2.5 and ≤ 37.2cM. 
 
The linkage groups ranged in length from 14.3cM to 130.1cM, with an average length of 
47.2cM.  The average distance between the markers (framework and accessory markers) was 
27.3cM (Table 5.4).  The 10 linkage groups including the six doublets covered a total map 
length of 471.7cM with the error detection command ‘on’, while with error detection 
command ‘off’ the total map length was 495cM.  This indicated that errors inflated the total 
map length by 23.3cM.  The number of markers varied from 2 to 7 per linkage group, with an 
average of 3 markers per linkage group (Tables 5.4 and 5.5).  The average number of 
framework markers per linkage group was 2.7, ranging from 2 to 7 markers per group and the 
accessory markers per linkage group varied from 0 to 2, with an average of 0.3 (Table 5.4). 
The mapped markers in the paternal map included 25 AFLP markers (including two distorted 
markers) and five MS markers.  The 14 unlinked markers consisted of 11 AFLP markers and 
three MS markers and two markers showing segregation distortion (0.05 > P > 0.001, 
following Bonferroni correction) were interspersed among the markers (Table 5.5). 
 








Table 5.5.  Summary of the paternal segregating markers in H. midae with the distorted markers in 
parentheses (0.05 > P > 0.001, following Bonferroni correction). 
Segregating markers 66 (2) 
No. of markers in linkage analysis 44 (2) 
Mapped AFLP markers 25 (2) 
Mapped Microsatellite markers 5 
Unplaced markers 1 
Accessory markers 3 
Unlinked markers 14 
Linkage groups 10 
Average no. of markers per group 3 
Minimum no. of markers per group 2 
Average marker spacing (cM)* 27.3 
Maximum marker spacing (cM) 43.5 
Minimum length of linkage group (cM) 14.3 
Maximum length of linkage group (cM) 130.1 
Total map length (cM)a 471.7 
Total map length (cM)b 495 
* Framework and accessory markers. 
a Total map length with error detection on, established with MAPMAKER 3.0. 
bTotal map length with error detection off, established with MAPMAKER 3.0. 
 
 
5.2.3. Map comparison 
There was a strong indication of homology between linkage group (LG) 1 of the male map 
and LG 4 of the female map at a LOD ≥ 5.0 and ≤ 37.2cM.  This probable homologous 
linkage group was based on 13 concurrent AFLP markers.  The LG 1 of the male map showed 
tentative homology with LG 7 of the female map, but this homology was based on only four 
concurrent AFLP markers at a 4 ≤ LOD ≤ 5 (Figure 5.3), which is lower than the more 
probable homologous linkage group indicated between LG 1 (male) and LG 4 (female). 














Figure 5.3.  Consensus linkage groups of the male and female H. midae maps.  Framework markers are 
indicated on the right; cumulative map distances (Kosambi cM) are on the left of the linkage group.  
Markers heterozygous in both parent, were positioned next to their closest framework marker, with map 
distance (in Kosambi, cM) from their closest framework marker.  Lines between male and female groups 
indicate homologous positions. 
There was further tentative homology observed between LG 3 of the female map and LG 5 of 
the male map, based on one concurrent microsatellite marker (HmNR281P) (Figure 5.4). 
Figure 5.4.  Homologous microsatellite marker, HmNR281P between LG 3 of the female map and LG 5 of 

























































Female LG 4 
Female LG 7 
E2f114, 33.12 




5.2.4. Marker distribution 
The Pearson correlation coefficient analysis found a highly significant and positive 
correlation (P < 0.01) between the size (length) of the linkage group and the number of 
markers in the linkage group.  For the male map r was calculated as 0.76 and the calculated t 
= 3.31 < t0.01 rejected the null hypothesis (Ho) of no correlation.  For the female map the 
correlation was not significant (r = 0.95, t = 9.94 > t0.01).  The Pearson correlation coefficient 
(r = 0.95) initially indicated that there was a highly significant positive correlation between 
the number of markers and linkage group size, however it was not significant according to the 
t-test (P > 0.01), indicating that there is no correlation between the number of markers and the 
linkage group size. 
The distribution of the mapped AFLP markers classified according to the 12 primer 
combinations from which they were derived can be seen in Table 5.6.  For the female map, 
the primer combinations A2, B3 and D2 appeared to be the most informative, as AFLP 
markers generated using these primer combinations resulted in the highest concentration of 
markers associated with the linkage groups.  Primer combination B1 was the poorest as it had 
only one marker linked to the female map.  Visual examination of the linkage groups of the 
female map in Figure 5.5 suggested that the AFLP and MS markers were distributed 
randomly throughout the linkage groups, however markers generated by the primer 
combinations A1 and D3 appeared to be clustered on linkage group 1 and linkage group 2, 
respectively. 
Table 5.6.  AFLP markers classified according to their primer combination.  Primer combination coding 
in parentheses.  [ ] are associated markers, linked but unplaced on linkage groups. 
Maternal map Paternal map 
EcoRI MseI No. markers EcoRI MseI No. markers 
ACA(A) CTC(1) 4 ACA(A) CTC(1) 1 
ACA(A) CTT(2) 6 [1] ACA(A) CTT(2) 1 
ACT(B) CAA(5) 1 [1] ACT(B) CAA(5) 2 
ACT(B) CTC(1) 1 ACT(B) CTC(1) 2 
ACT(B) CAC(3) 8 [2] ACT(B) CAC(3) 3 
ACT(B) CAG(4) 4 ACT(B) CAG(4) 4 
AGC(C) CTC(1) 4 AGC(C) CTC(1) 3 
ACC(D) CTT(2) 7 [1] ACC(D) CTT(2) 1 
ACC(D) CTA(6) 2 ACC(D) CTA(6) 2 
ACC(D) CAC(3) 2 ACC(D) CAC(3) 3 
AAG(E) CTT(2) 4 AAG(E) CTT(2) 1 [1] 
AGG(F) CTA(6) 2 AGG(F) CTA(6) 1 




Figure 5.5.  Marker distribution in the preliminary female map.  Colour scheme used to indicate AFLP 
markers generated by the same primer combination and the microsatellite markers (HmNR-). 
For the male map, the primer combinations B4, B3, C1 and D3 were the most informative, as 
they contributed the largest number of markers.  Primer combinations A1, A2, D2 and F6 
were the least informative, as only one AFLP marker of each primer combination linked to 
the male map.  Following visual examination of the male map in Figure 5.6, primer 
combinations B1 and C1 clustered on linkage group 2 and B5 on linkage group 1, while the 


























































































Figure 5.6.  Marker distribution in the preliminary male map.  Colour scheme used to indicate AFLP 
markers generated by the same primer combination and microsatellite markers (HmNR-). 
Primer combinations were more informative in the female than male parent (Table 5.6), as a 
greater number of AFLP makers generated by the 12 primer combinations linked to the 
female map.  The number of markers linked to the female map generated by the primer 
combinations ranged from 1 to 10 markers, while for the male map the number of markers 





























































5.2.5. Genome coverage 
The genome lengths (Ge) estimated by the two methods (Ge1 and Ge2) were dissimilar when 
determined using either all the mapped 1:1 segregating markers or only the framework 
markers (Table 5.7).  For the Ge1 estimate (Fishman et al., 2001), the average marker spacing 
of the maps (s) was determined both for all the markers and using only framework markers: 
26.4cM for the female and 23.5cM for the male parent using all markers (framework, 
accessory and distorted markers) and 28.4cM for the female parent and 24.8cM for the male 
parent, using only the framework markers (Table 5.8). 
Table 5.7.  Map length and genome coverage for H. midae. 
Map length (cM) Maternal Paternal Maternal Paternal 
  
All markers* Framework markers 
Observed length     
Gof 819.6 312.9 819.6 312.9 
Goa 1079.3 471.7 1079.3 471.7 
Estimated length     
Ge1 1760.9 968.2 1453.2 735.9 
Ge2 2036.6 1142.5 1493.9 741.9 
Average Ge 1898.8 1055.4 1473.5 738.9 
Genome coverage (%)     
Cof 43.2 29.6 55.6 42.3 
Coa 56.8 44.7 73.2 63.8 
* Framework, accessory and distorted markers. 
 
Table 5.8.  Average marker spacing of the maternal and paternal, H. midae maps. 
  
Average marker spacing of maps 
(s) 
All markers*  
female 28.4 
Male 24.8 
Framework markers  
female 26.4 
Male 23.5 
*Including framework, accessory and distorted markers (0.05 > P > 0.001). 
The estimated genome lengths, Ge1 and Ge2, using only the framework markers were: 
1453.2cM and 1493.9cM, respectively for the female parent and 735.9cM and 741.9cM, 
respectively for the male parent.  The average of these two estimates (Ge1 and Ge2) was used as 




the expected genome length (Ge) for H. midae: 1473.5cM for the female and 738.9cM for the 
male parent (Table 5.7).  Values obtained using only the framework markers were lower than 
the values obtained for Ge1 and Ge2 using all markers: 1760.9cM and 2036.6cM, respectively 
for the female parent and 968.2cM and 1142.5cM, respectively for the male parent.  The 
average (Ge) of these two estimates (Ge1 and Ge2) was 1898.9cM for the female and 1055.4cM 
for the male parent.  Thus, the average genome length (Ge) was greater when determined using 
all markers than the Ge determined using only the framework markers. 
The values for Gof (framework map length) and Goa (total map length) were 819.6cM and 
1079.3cM respectively for the female parent and 312.9cM (the length of linkage group 4 was 
not included in this value of Gof, as linkage group 4 was created at a 2.5 < LOD < 3 and does 
not fall under the framework marker criteria) and 471.7cM respectively for the male parent 
(Table 5.7 and 5.9). 
Table 5.9.  Length, number of markers and average spacing of linkage groups of the female and male map 
























1 265.4 10 (1) 29.5 1 54.3 3 27.2 
2 121.4 7 20.2 2 66.4 6 (1) 13.3 
3 59.0 3 29.5 3 17.3 2 17.3 
4 90.1 5 22.5 4* 40.2 2 40.2 
5 63.5 3 31.8 5 37.5 2 37.5 
6 33.1 2 33.1 6 36.3 3 18.2 
7 35.5 2 35.5 7 35.5 2 35.5 
8 51.4 3 25.7 8 26.2 2 26.2 
9 35.5 2 35.5 9 25.1 2 25.1 
10 30.0 2 30.0 10 14.3 2 14.3 
11 19.4 2 19.4     
12 15.3 2 15.3     
Total 819.6 43 328 Total 353.1 26.0 254.7 
Average 68.3 3.6 27.3 Average 35.3 2.6 25.5 
* This linkage group was created at a 2.5 < LOD < 3 and is not included in the determination of Gof. 
The observed genome coverage Cof (observed genome coverage of framework map) and Coa 
(total map coverage, determined using all markers linked to linkage maps) varied 
considerably depending on which Ge estimate (estimated genome coverage) was used (Table 
5.7).  The values of Cof and Coa were lower when the Ge estimate determined from all markers 




was used as the observed genome coverage calculation Coa takes the total map length of all 
the markers into account (Table 5.7).  Only results of the observed genome coverage 
determined using the Ge of the framework markers will be discussed further in this study as 
the Ge of framework markers is more stringent than the Ge obtained using all the markers, 
because the framework markers linked to linkage maps were obtained using stricter criteria. 
The observed genome coverage for Cof (calculated using Gof, which is the framework map 
length) was 55.6% and 42.3% for the female and male framework maps, respectively.  The 
observed genome coverage for the respective genomes increased to 73.2% and 63.8% for the 
female and male parent when the Coa value was determined using Goa, which takes the total 
map length of all markers into account (Table 5.7). 
5.3. Discussion 
5.3.1. Linkage map 
Two sex-specific linkage maps were constructed based on the male and female segregating 
data.  As far as can be determined, this is the first time that sex-specific linkage maps have 
been reported for H. midae.  The haploid genome of H. midae contains 18 chromosomes (Van 
der Merwe and Roodt-Wilding, [in press]).  The female genetic map generated in this study 
included 12 linkage groups, while the male genetic map contained 10 linkage groups (one a 
doublet of LOD ≥ 2.5).  The number of linkage groups obtained in this study is therefore less 
than the haploid chromosome number for this species.  The discrepancy between the haploid 
chromosome number and the number of linkage groups is common for first-generation maps 
(Liu et al., 2006) and studies on other aquatic species frequently report preliminary linkage 
maps where the number of linkage groups are less than the haploid chromosome number, for 
example Kuruma prawn, Penaeus japonicus (Li et al., 2003); brown trout, Salmo trutta 
(Gharbi et al., 2006); and marine shrimp, Penaeus chinensis (Li, Z. et al., 2006).  The low 
number of molecular markers used in this study (68 in the female and 44 in the male) affected 
the detection of recombination and coverage; subsequently the number of linkage groups 
obtained for the male and female parents were less than the number of chromosomes of H. 
midae (Wang et al., 2004; Li, Z. et al., 2006).  To obtain a saturated linkage map of H. midae, 
considerably more molecular markers are required (Li, Z. et al., 2006).  The population or 
family structure used in this study may have affected the number of linkage groups obtained 
(Chistiakov et al., 2005), as the family was chosen at random (first full-sib family bred was 




selected) following a pseudo-testcross strategy and the parents were obtained from a wild 
abalone population.  Consequently the family chosen may not have been greatly informative 
for linkage mapping as their genetic origins and mating configurations are unknown. 
The linkage maps presented in this study are preliminary, have relatively low molecular 
marker coverage and are incomplete, as indicated by the low number of linkage groups 
compared to the haploid chromosome number and the presence of gaps in the linkage groups 
(Liu et al., 2006; Shen et al., 2007).  The addition of more molecular markers will increase 
the density and resolution of the linkage maps obtained here and the unlinked markers (12 in 
the female and 14 in the male parent) may display linkage patterns with the addition of more 
markers.  Furthermore, increasing the marker density may result in the linkage groups 
containing only two or three markers to coalesce into larger linkage groups (Baranski et al., 
2006). 
The large intervals (> 20cM), observed in both the framework maps and the maps generated 
including the accessory markers, is due to the low-density of the maps obtained.  The addition 
of markers to these maps should reduce the larger intervals and thus the gaps (Lallias et al., 
2007). 
Regions of segregation distortion were not identified in this study as so few distorted markers 
(0.05 > P > 0.001, to avoid false linkages) were included in the study: only 3 distorted 
markers were linked to the female map (of the 4 included for linkage analysis) and merely 2 
distorted markers were linked to the male map.  No clustering was observed of the distorted 
markers and the number of distorted markers linked to both parental linkage maps is to low to 
draw any conclusive results.  In future, a greater number of distorted markers in both parental 
maps will aid the identification of the segregation distortion loci (SDL). 
5.3.2. Map comparison 
The 3:1 segregating markers used in the study were not distributed evenly throughout the 
female and male maps, which may be due to the low density of the parental maps.  Potential 
homologies between the maternal and paternal maps (i.e. F6f159 is linked to the male map 
and to the female map) are given in Figure 5.3. 
The probable homologous linkage groups identified in this study are not enough to establish a 
consensus map of H. midae.  The addition of more framework markers and 3:1 segregating 




markers to the female and male maps are required for the establishment of a consensus map.  
To construct a more accurate consensus map, more evenly distributed 3:1 segregating markers 
are needed.  The addition of co-dominant markers such as microsatellites or SNPs will further 
increase the accuracy of the consensus map, as they will serve as anchor loci between the two 
parental maps.  Furthermore, these markers (i.e. microsatellites and SNPs) will increase the 
portability of the consensus map in the context of QTL mapping (Lallias et al., 2007). 
Consensus maps based on a combination of AFLP and microsatellite markers have been 
established in a number of aquaculture species, for example in tilapia, Oreochromis niloticus 
(Kocher et al., 1998); rainbow trout, Oncorhynchus mykiss (Nichols et al., 2003) and in 
common carp, Cyprinus carpio (Sun and Liang, 2004) and in these species have been used as 
starting points for the mapping of single loci and quantitative traits linked to economically 
important traits, as well as for studying different species (comparative analysis). 
5.3.3. Marker distribution 
The distribution of microsatellite and AFLP markers in the male map is relatively even (non-
random distribution) as seen by the significant correlation (P < 0.01) between the number of 
markers in the linkage groups and the size (length) of the linkage groups, as determined using 
the Pearson correlation coefficient, while in the female map the highly positive correlation 
was not significant (P > 0.01), thus there is no correlation between the number of markers and 
linkage group length (size) indicating a potential random distribution between the two 
variables, as there is no link or association between the number of markers and the linkage 
group length. 
A relatively even distribution is observed in the male and female maps when the linkage 
groups of the female and male maps are visually examined, as the microsatellites are 
distributed evenly throughout and only a few clusters of the AFLP markers were observed 
(classified according to their primer combination), of which the largest cluster consisted of 
only four AFLP markers (generated by the same primer combination) in the same linkage 
group of the female map. 
In published literature, AFLP markers have been known to form clusters in some fish species 
(Young et al., 1998; Agresti et al., 2000; Sakamoto et al., 2000; Liu et al., 2003).  However, 
the distribution of markers in other abalone species (on which linkage mapping analysis has 
been carried out to date; blacklip abalone, H. rubra, Baranski et al., 2006; Pacific abalone, H. 




discus hannai, Liu et al., 2006) has been found to be relatively even.  As observed in this 
study following visual examination of the male map and the positive and significant 
correlation found between the number of markers and linkage group size, indicating a parallel 
relationship between the two variables.  In the study of Sekino and Hara (2007) some 
clustering in the linkage map of the Pacific abalone, H. discus hannai was, however, 
observed, as reported for the female map of this study. 
Surprisingly, the reasons behind AFLP marker clustering are not yet known but several 
potential causes have been hypothesised, such as a large degree of variation at particular 
restriction sites and the presence of repeat sequences in a genomic area.  It has been noted that 
markers tend to cluster in the region where recombination is suppressed; these regions are 
generally centromeres and telomeres (Shen et al., 2007).  AFLP clustering may be a result of 
AFLP loci preferentially occuring in these recombinationally suppressed regions.  For 
example, the restriction enzymes may bring about this effect, as centromeric regions 
commonly contain a high concentration of non-coding sequences, which contain a higher 
A+T content than coding sequences.  The MseI restriction enzyme favours the cleavage of 
regions with a high A+T content (Shen et al., 2007).  The few AFLP clusters observed in the 
female and male map may be due to MseI restriction enzyme used in this study. 
5.3.4. Map length and genome coverage 
Two separate estimated genome lengths were determined using only the framework markers 
and including the accessory and distorted markers.  For further discussion only those 
estimates determined using the framework markers (LOD ≥ 3 and ≤ 38cM) will be used, to 
avoid possible inflation of genome length due to the addition of the distorted and accessory 
markers to the map at lower LOD scores (LOD ≥ 2 and ≤ 45cM).  The inflation of map length 
by the addition of the accessory and distorted markers can be clearly seen as the estimated 
genome lengths obtained using all markers (1898.9cM for the female and 1055.4cM for the 
male parent) is greater than those obtained using only the framework markers (1473.5cM for 
the female and 738.9cM for the male parent). 
This study provided a first estimated genome length for H. midae: 1473.5cM and 738.9cM for 
the female and male maps respectively.  The difference seen between the two maps is not an 
uncommon occurrence, and has been observed in vertebrates, where the male map is often 
shorter than the female map (Dietrich et al., 1996; Sakamoto et al., 2000).  These differences 
have been noted in aquatic species, for example the pacific oyster, Crassostrea gigas (Li and 




Guo, 2004); the eastern oyster, C. virginica (Yu and Guo, 2003) and marine shrimp, Penaeus 
chinensis (Li, Z. et al., 2006).  Possible reasons for the variations between the estimates for 
each sex are: (i) the distribution of markers along the chromosome differs in both parents, (ii) 
recombination frequencies occurring in the female and male gametes may have differed, and 
(iii) errors within the data, such as statistical and experimental errors (Wu et al., 2004). 
The estimated genome lengths determined in this study are similar to those obtained in the 
blacklip abalone, H. rubra, where the estimated genome lengths of the framework maps were 
1586.2cM for the female and 940.5cM for the male parent (Baranski et al., 2006).  It is, 
however, less than the estimated genome lengths obtained for the framework maps of the 
pacific abalone, H. discus hannai, where the genome lengths were 2584.4cM for the female 
and 2054.8cM for the male parent (Liu et al., 2006). 
The genome coverage estimates (Cof) were 55.6% and 41.9% for the female and male 
framework maps respectively.  The genome coverage increased to 73.2% and 56% for the 
female and male maps when all markers were taken into account (Coa).  These Cof estimates 
are somewhat less than those established in other studies, for example: 81-92% in the pacific 
oyster, Crassostera gigas (Li and Guo, 2004); ~74% in pacific abalone, H. discus hannai (Liu 
et al., 2006); ~75% in the blue mussel, Mytilus edulis (Lallias et al., 2007); and ~84% in the 
guppy, Poecilia reticulata (Shen et al., 2007).  Ideally, to obtain reasonably good coverage of 
the genome and for the genome coverage to be of use in the mapping of genes and 
economically important traits i.e. in the form of QTL, > 85% genome coverage is needed.  
However, approximately 70% genome coverage, although low, is still potentially useful (Liu 
et al., 2006; Shen et al., 2007).  To improve the genome coverage the addition of genetic 
markers is needed, especially different genetic markers, such as additional microsatellites, 
EST and SNPs (Wang et al., 2004). 
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CHAPTER 6 – SUMMARIES AND CONCLUSIONS 
6.1. DNA extraction 
Genomic DNA of sufficient quality and purity for fluorescent AFLP analysis was obtained 
from 3.5-month-old abalone, H. midae juveniles.  Initially, abalone larvae were considered as 
sources of DNA for the fluorescent AFLP analysis, as the larvae could be sampled at a early 
age (a few days after spawning).  Following a number of tests using various extraction 
procedures it was apparent that the abalone larvae did not yield sufficient DNA for AFLP 
analysis.  Subsequently, older individuals were considered, as their larger tissue mass 
compared to the larvae should yield larger quantities of genomic DNA.  Two- and 3.5-month-
old abalone juveniles were analysed and the 3.5-month-old samples yielded the highest 
quality DNA in sufficient quantity for fluorescent AFLP analysis.  Badenhorst and Roodt-
Wilding (2007) published these findings (Appendix A). 
6.2. AFLP and microsatellite marker development 
Fluorescent AFLP analysis was successfully carried out on an F1 full-sib family, consisting of 
108 offspring (3.5-month-old juveniles) and both parents following a pseudo-testcross 
mapping strategy.  This was done because inbred lines of H. midae were not available for 
making testcrosses, and it would have taken a number of years before highly inbred lines are 
could be developed.  Primer combinations were tested using only the parents, as there was a 
delay of 3.5-months before offspring samples could be collected.  A total of 64 selective 
primer combinations were screened, of which 12 were selected for mapping analysis.  The 12 
selective primer combinations generated 241 polymorphic 1:1 segregating markers and 332 
markers segregating in a 3:1 ratio (a peak present in both parents).  The segregation of 
individual marker loci was studied using chi-square analysis and a significance level of P = 
0.05.  Ninety AFLP markers segregated according to 1:1 Mendelian expectations (P > 0.05 
following Bonferroni correction) and 164 AFLP markers segregated according to 3:1 
Mendelian expectations (P > 0.05 following Bonferroni correction).  All that showed normal 
Mendelian segregation as well as those with distorted 1:1 segregation (0.05 > P > 0.001) were 
used for linkage mapping analysis. 
Ten microsatellite markers identified by Slabbert et al. (in press) were successfully amplified 
in multiplex reactions and analysed.  Of the 10 microsatellite markers, nine were used for 
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linkage mapping analysis, as one of the markers (HmNR289P) was heterozygous for the same 
alleles in both parents.  Following segregation analysis and subsequent Bonferroni correction, 
it was concluded that all of the microsatellite markers showed normal Mendelian inheritance. 
6.3. Linkage map development 
Preliminary linkage maps were created for the female and male parents following the F2 
backcross model, as only markers heterozygous in one parent and null in the other were used.  
The female linkage map consisted of 12 linkage groups, while the male linkage map consisted 
of 10 linkage groups.  The numbers of linkage groups obtained in this study are less than the 
haploid chromosome number of 18.  This discrepancy is a common phenomenon in 
preliminary linkage maps (Liu et al., 2006). 
The female map contained 56 mapped molecular markers, while the male map had 30 mapped 
molecular markers.  The preliminary linkage maps presented in this study are still incomplete, 
as can be seen from the low numbers of distinct linkage groups, the large intervals (on 
average > 20cM) observed in the maps and by the relatively low observed genome coverage 
estimates (55.6% and 41.9% for the female and male framework maps respectively).  The 
genome coverage increased to 73.2% and 56% for the female and male maps when all 
markers were taken into account (Coa), which is higher for the female map, but still relatively 
low for the male map.  The estimated genome lengths of H. midae calculated were 1473.5cM 
and 738.9cM for the female and male maps, respectively. 
The distribution of molecular markers was relatively even on the male map, while the female 
map displayed some marker clustering, and the segregating 3:1 AFLP markers were not 
distributed evenly.  Potential homology between one of the linkage groups of the male map 
and two of the linkage groups of the female map was suggested by using the 3:1 segregating 
AFLP markers.  It should be possible to merge the two parental maps, but such a merge is 
poorly performed using dominant markers, such as AFLPs (Li et al., 2003).  As only one 
common microsatellite marker was placed in both maps, it is therefore impossible, at this 
stage, to merge the two maps and obtain a consensus map. 
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The objectives and aims of this study were achieved.  A preliminary linkage map was 
developed for H. midae using primarily AFLP markers.  This is the first study of its kind for 
H. midae to the authors’ knowledge. 
Even though the linkage map developed is preliminary with relatively low genome coverage, 
it can serve as a basis for the development of a denser and more saturated linkage map.  The 
addition of more molecular markers of the same type and the additional development of 
different markers (i.e. SNPs), as well as selecting parents and progeny which are informative 
for linkage mapping (i.e. in gap regions), will help facilitate the development of a complete 
and high-density map (Liu et al., 2006) of H. midae. 
Weaknesses of this study are the low density of molecular markers mapped to both parental 
maps and the fact that the number of linkage groups are less than the haploid chromosome 
number, both attributed to the number of markers used.  Furthermore, the use of juveniles 
means that small amounts of DNA is available for the mapping population.  Whole juvenile 
animals were used for DNA extraction, consequently they cannot be resampled at a later 
stage.  The strengths are that the aims of the study were achieved and it is the first study of its 
kind on H. midae.  The preliminary linkage map generated in this study will serve as a 
foundation for the rapid development of a higher-density linkage map.  In general terms, the 
findings of this study corroborate what has been reported in the literature, such as the 
common phenomenon of the female parent being more informative than the male parent, and 
the female map being longer than the male map (Yu and Guo, 2003; Li and Guo, 2004; Liu et 
al., 2006).  The estimated genome lengths found in this study are similar to the estimated 
genome lengths noted by Baranski et al. (2006) for the blacklip abalone, H. rubra. 
6.4.1. Future applications 
In future the focus should be the expansion of the preliminary linkage map for H. midae based 
on the addition of co-dominant markers, such as microsatellite markers.  The best strategy for 
the development of dense linkage maps is to use AFLPs in combination with microsatellites.  
This is due to AFLPs not being easily transferable between different laboratories and among 
populations as AFLPs are random markers (Coimbra et al., 2003) but microsatellites negate 
this problem as they represent transferable landmarks (Li and Guo, 2004).  Ideally, 
microsatellites and type I markers should be used to provide a backbone for the linkage map 
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and AFLPs only added to fill in gaps and saturate the linkage map (Li and Guo, 2004; Yu and 
Guo, 2003).  So as not to lose the informativeness of the AFLP markers mapped in this study, 
the future genome studies of H. midae should concentrate on identifying anchor loci located 
close to the AFLP markers, as this will permit the comparison of AFLP maps produced by 
different laboratories (Coimbra et al., 2003) and will compensate for the poor transferability 
of AFLPs. 
The addition of microsatellite markers will furthermore facilitate the rapid mapping of ESTs 
and other type I markers and eventually lead to comparative mapping in the genus Haliotis 
and with other less related molluscs, as the microsatellite flanking regions can be used to 
identify and add genes to the molecular linkage map (Baranski et al., 2006) and type I 
markers characterise transcripts of genes.  Comparative mapping involves the comparison of 
genomes of different species.  The type I markers can serve as a bridge when comparing map-
rich species and fairly map-poor species and facilitate the transfer of genomic information 
between the two (Liu and Cordes, 2004), as type I markers that are developed and added to 
the linkage map, can be utilised across families, and exploited in selective breeding families 
(Wilson et al., 2002).  The map will furthermore serve as a framework for gene isolation and 
QTL mapping (Yu and Guo, 2003).  The identification of markers closely linked to desirable 
traits (i.e. growth, colour variation of the shell and disease resistance) is a prerequisite for the 
application of MAS breeding programmes, as the markers will be used as identifiers to locate 
the presence of desirable traits in breeding families (Wang et al., 2004). 
Determining the position of the centromere on the linkage groups of H. midae will aid our 
understanding of the mode of recombination in the species and improve our understanding of 
the chromosomes of H. midae (i.e. structure).  The location of the centromere can be 
identified using gene-centromere mapping techniques together with artificial triploids or 
gynogenetic diploids (half-tetrads).  The artificial triploids and gynogenetic diploids are 
obtained by inhibiting the second meiotic division (Sekino and Hara, 2007).  For example, in 
gynogenetic diploids, the centromeres of homologous chromosomes, during the first meiotic 
division, segregate from each other.  The loci located near the centromere tend to segregate in 
meiosis I, while crossovers occurring between the centromere and further distal markers will 
result in markers segregating in meiosis II.  The function of the regularity of recombination 
between a locus and its centromere is the proportion of second division segregation at the 
locus.  Analysis of the four haploid products (tetrad) of a single meiotic division may indicate 
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how frequently a locus segregates at either the first or second meiotic division, and 
consequently the distance between the centromere and the gene.  The gene-centromere 
mapping will therefore clarify the position of loci in relation to their centromere (Coimbra et 
al., 2003). 
Another application includes the construction of a physical map of the H. midae genome, as 
the linkage map will serve as an anchor for the development of the physical map and provide 
a foundation on which contigs of overlapping clones can be gathered (Cristescu et al., 2006).  
Physical maps are commonly in the form of restriction maps of a chromosomal segment.  The 
overlapping DNA clones are obtained by restriction enzyme digestion and the restriction 
fragment fingerprints are used to locate overlapping clones.  If an adequate number of 
identical fragments are identified for any pair of clones, then the clones are likely to be 
overlapping.  Once the fingerprints are attained for a collection of clones, a pairwise 
comparison for the cleavage site can be carried out.  Another approach to assembling a 
physical map is chromosome walking.  However, this is a very time consuming and laborious 
procedure.  To identify overlapping clones in a genomic library (storage bank of cloned 
fragments of a genome that has been disassembled) a clone is selected and used as a probe.  
This step is repeated multiple times until the arrangement of a larger segment is elucidated 
and this assembled sequence or fragment is known as a contig (Liu, 1998).  A high-density H. 
midae linkage map will provide the foundation for these contigs and necessary genomic 
information for the identification of the overlapping clones. 
The sex-determining locus can furthermore be mapped in H. midae by treating the sex of the 
progeny as a marker.  Once the sex-determining locus is identified it can be used as a probe 
on the chromosomes to classify sex-determining genes (Li et al., 2005).  This was not 
possible in this study as the progeny were still too small to identify their sex, but in future a 
mapping family can be developed from which samples are only collected when the sex of the 
offspring can be determined.  In Liu et al. (2006) the sex-determining locus was mapped to 
the male map of the Pacific abalone, H. discus hannai, suggesting that the sex-determining 
mechanism in Pacific abalone is a XY-type and the male is the heterogametic sex.  No sex 
chromosomes have yet been observed in any abalone species.  Differences in sex 
recombination rates are also important for future selective breeding programmes, as the sex 
with the lower recombination rate is expected to pass on marker-QTL associations in a much 
more rigid linkage fashion (Coimbra et al., 2003). 
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In conclusion, the genetic linkage map presented here forms an ideal starting point for more 
detailed study of the H. midae genome and will provide a foundation for basic and applied 
studies in abalone.  A high-density linkage map of H. midae, will facilitate the mapping of 
QTL of commercially important traits (i.e. growth) and for identifying the genetic foundation 
of evolutionary and ecologically significant traits (i.e. environmental stress and reproductive 
isolation).  These findings will lead to the genetic enhancement of this species, which is the 
ultimate goal of the abalone enhancement programme initiated in 2006. 
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Female parent (F23) 273.8 1.82 1.87 Yes 
Male parent (M22) 157.9 1.86 2.20 No 
001 367.0 2.04 1.64 Yes 
002 334.6 2.04 1.64 Yes 
003 511.1 1.97 1.79 Yes 
004 347.5 2.04 2.76 Yes 
005 824.7 2.15 2.25 Yes 
006 303.4 2.01 2.29 Yes 
007 61.0 2.41 2.53   
008 174.4 2.22 1.92 No 
009 357.2 1.98 2.16 Yes 
010 232.6 2.03 2.20 Yes 
011 539.9 1.90 1.83 Yes 
012 277.6 1.99 2.20 Yes 
013 248.3 1.95 2.30 Yes 
014 354.8 1.98 2.00 Yes 
015 185.9 1.93 2.19 No 
016 188.6 1.98 2.02 No 
017 364.6 1.89 1.81 Yes 
018 343.1 1.91 2.10 Yes 
019 726.8 2.05 2.23 Yes 
020 388.7 1.96 1.91 Yes 
021 269.8 1.96 2.07 Yes 
022 175.2 1.93 2.20 No 
023 173.3 1.94 2.08 No 
024 301.6 1.95 2.19 Yes 
025 380.2 1.92 2.03 Yes 
026 263.8 1.92 2.21 Yes 
027 87.5 1.89 2.11   
028 319.2 2.02 2.12 Yes 
029 417.2 1.95 1.87 Yes 
030 240.2 1.98 1.92 Yes 
031 174.8 1.98 2.14 No 
032 45.8 1.95 1.87   
033         
034 226.7 1.97 2.23 Yes 
035 431.8 1.95 1.96 Yes 
036 418.8 1.96 2.06 Yes 
037 225.2 1.96 2.14 Yes 
038         
039 15.4 1.86 1.84   




040 229.1 1.97 2.24 Yes 
041 389.0 1.92 2.06 Yes 
042 297.0 1.92 2.47 Yes 
043 463.0 1.98 2.31 Yes 
044 463.3 1.92 2.23 Yes 
045 618.8 2.01 1.94 Yes 
046 591.9 2.08 2.12 Yes 
047 516.0 2.00 2.18 Yes 
048 468.8 1.99 2.04 Yes 
049 359.3 1.93 2.10 Yes 
050 558.8 1.97 2.14 Yes 
051 312.7 2.02 2.23 Yes 
052 458.5 1.95 2.12 Yes 
053 581.9 1.93 1.90 Yes 
054 375.8 1.99 2.08 Yes 
055 547.2 1.96 2.10 Yes 
056 562.6 2.01 2.08 Yes 
057 757.3 1.99 2.12 Yes 
058 501.9 2.00 2.13 Yes 
059 57.6 2.12 2.40   
060 344.2 1.91 2.20 Yes 
061 238.5 1.94 2.17 Yes 
062 335.0 1.96 2.17 Yes 
063 371.7 1.97 2.00 Yes 
064 313.6 1.94 2.28 Yes 
065 307.6 2.04 2.23 Yes 
066 265.3 1.99 2.23 Yes 
067 208.8 2.01 2.34 Yes 
068 232.9 1.96 2.29 Yes 
069 339.1 2.07 2.28 Yes 
070         
071 429.3 2.03 2.03 Yes 
072 253.2 1.94 2.10 Yes 
073 289.8 2.02 2.11 Yes 
074 437.3 2.01 1.99 Yes 
075 300.9 2.00 2.37 Yes 
076 178.8 1.96 2.10 No 
077 289.3 2.03 2.14 Yes 
078 334.2 2.04 2.00 Yes 
079 307.6 2.03 2.16 Yes 
080         
081 370.3 1.99 2.39 Yes 
082 28.9 2.08 2.16   
083 403.5 2.04 2.21 Yes 
084         
085 52.3 1.85 1.44   
086 85.8 1.93 2.90 No 
087 95.1 1.99 3.05 No 
088 116.3 2.05 2.46 No 




089         
090 163.9 1.97 2.07 No 
091 79.3 2.01 2.57 No 
092 181.0 1.95 2.24 No 
093 88.3 2.01 2.66 No 
094 196.5 1.99 2.36 Yes 
095 152.7 1.94 2.04 Yes 
096 309.2 1.93 2.27 Yes 
097 242.0 1.99 2.26 Yes 
098         
099 313.9 1.99 2.19 Yes 
100 309.6 1.96 2.26 Yes 
101 413.8 1.99 2.32 Yes 
102 159.9 1.92 2.33 No 
103 111.7 1.98 2.36 No 
104 278.5 1.96 2.40 Yes 
105 283.6 1.99 2.17 Yes 
106 261.6 1.95 2.28 Yes 
107 194.8 1.95 2.38 Yes 
108 140.8 2.05 2.40 No 
109 81.1 1.89 1.95 No 
110 127.2 2.01 1.84 No 
111 28.8 1.82 1.23   
112 332.2 1.93 1.96 Yes 
113 732.2 2.08 2.27 Yes 
114 88.2 1.94 1.85 No 
115 97.0 1.88 1.87 No 
116 431.6 1.96 2.36 Yes 
117 537.7 1.94 1.99 Yes 
118 471.5 1.89 1.80 Yes 
119 390.2 1.94 2.29 Yes 
120 542.2 1.91 2.23 Yes 
121 310.5 1.85 1.77 Yes 
122 408.9 1.89 1.78 Yes 
123 103.2 1.9 2.05 No 
124 161.1 1.96 2.03 No 
125 829.9 2.00 1.96 Yes 




 Low concentration DNA 
 DNA extraction 
unsuccessful 
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APPENDIX D – Segregation analysis of 1:1 segregating AFLP markers 
in the progeny 
Table D1.  Polymorphic markers of the female parent segregating through the progeny. 
 
Marker No. of progeny χ2 - value (df = 1) Probability 
value 
A1f61 108 1.82 P > 0.05 
A1f77 108 59.11 P < 0.05 
A1f79 108 30.50 P < 0.05 
A1f90 108 13.66 P < 0.05 
A1f263 108 35.30 P < 0.05 
A1268 108 4.51 P > 0.05* 
A1f345 108 4.51 P > 0.05* 
A1f422 108 24.06 P < 0.05 
A1f480 108 4.51 P > 0.05* 
A2f50 108 3.73 P > 0.05 
A2f78 108 3.01 P > 0.05 
A2f155 108 0.04 P > 0.05 
A2f180 108 1.34 P > 0.05 
A2f198 108 43.32 P < 0.05 
A2f216 108 0.04 P > 0.05 
A2f261 108 1.34 P > 0.05 
A2f267 108 24.06 P < 0.05 
A2f344 108 10.89 P < 0.05 
A2f377 108 0.59 P > 0.05 
A2f395 108 4.51 P > 0.05* 
A2f430 108 10.89 P < 0.05 
A2f458 108 35.30 P < 0.05 
A2f470 108 0.15 P > 0.05 
A2f472 108 6.32 P > 0.05* 
E2f75 108 4.51 P > 0.05* 
E2f95 108 15.17 P < 0.05 
E2f113 108 0.93 P > 0.05 
E2f125 108 1.82 P > 0.05 
E2f158 108 0.15 P > 0.05 
E2f165 108 28.26 P < 0.05 
E2f270 108 0.93 P > 0.05 
E2f407 108 13.66 P < 0.05 
D2f60 108 35.30 P < 0.05 
D2f85 108 28.26 P < 0.05 
D2f103 108 0.93 P > 0.05 
D2f107 108 6.32 P > 0.05* 
D2f110 108 43.32 P < 0.05 
D2f138 108 6.32 P > 0.05* 
D2f161 108 3.73 P > 0.05 
D2f180 108 0.93 P > 0.05 
D2f202 108 8.44 P > 0.05* 
D2f206 108 4.51 P > 0.05* 




D2f238 108 5.38 P > 0.05* 
D2f263 108 43.32 P < 0.05 
D2f272 108 5.38 P > 0.05* 
D2f376 108 28.26 P < 0.05 
D6f162 107 0.76 P > 0.05 
D6f296 107 4.98 P > 0.05* 
C1f51 107 1.58 P > 0.05 
C1f93 107 1.58 P > 0.05 
C1f107 107 29.67 P < 0.05 
C1f126 107 0.23 P > 0.05 
C1f158 107 10.35 P < 0.05 
C1f200 107 21.37 P < 0.05 
B5f59 108 59.11 P < 0.05 
B5f79 108 3.73 P > 0.05 
B5f116 108 10.89 P < 0.05 
B5f226 108 52.40 P < 0.05 
B5f251 108 20.23 P < 0.05 
B5f256 108 6.32 P > 0.05* 
B5f263 108 0.00 P > 0.05 
B5f265 108 15.17 P < 0.05 
B5f358 108 10.89 P < 0.05 
B1f83 108 30.50 P < 0.05 
B1f115 108 7.34 P > 0.05* 
F6f109 108 5.38 P > 0.05* 
F6f113 108 0.00 P > 0.05 
F6f116 108 10.89 P < 0.05 
F6f174 108 20.23 P < 0.05 
F6f177 108 16.77 P < 0.05 
F6f265 108 12.23 P < 0.05 
F6f284 108 5.38 P > 0.05* 
B3f58 108 3.01 P > 0.05 
B3f75 108 24.06 P < 0.05 
B3f84 108 8.44 P > 0.05* 
B3f100 108 28.26 P < 0.05 
B3f105 108 20.32 P < 0.05 
B3f115 108 40.53 P < 0.05 
B3f118 108 46.22 P < 0.05 
B3f138 108 16.77 P < 0.05 
B3f143 108 3.73 P > 0.05 
B3f151 108 1.82 P > 0.05 
B3f162 108 5.38 P > 0.05* 
B3f176 108 12.23 P < 0.05 
B3f179 108 0.15 P > 0.05 
B3f203 108 0.00 P > 0.05 
B3f215 108 4.51 P > 0.05* 
B3f227 108 0.59 P > 0.05 
B3f264 108 16.77 P < 0.05 
B3f273 108 0.04 P > 0.05 
B3f295 108 4.51 P > 0.05* 
B3f305 108 9.63 P < 0.05** 
B3f351 108 10.89 P < 0.05 




B4f119 108 15.17 P < 0.05 
B4f123 108 7.34 P > 0.05* 
B4f160 108 13.66 P < 0.05 
B4f161 108 0.15 P > 0.05 
B4f235 108 13.66 P < 0.05 
B4f239 108 9.63 P < 0.05** 
B4f243 108 9.63 P < 0.05** 
B4f398 108 7.34 P > 0.05* 
D3f74 108 49.25 P < 0.05 
D3f140 108 18.46 P < 0.05 
D3f256 108 7.34 P > 0.05* 
D3f296 108 32.85 P < 0.05 
D3f298 108 5.38 P > 0.05* 
D3f328 108 13.66 P < 0.05 
* Non-significant following Bonferroni correction (P > 0.05). 
** Distorted markers (P < 0.05 and P > 0.001). 
 
 
Table D2.  Polymorphic markers of the male parent segregating through the progeny. 
 
 
Marker No. of progeny χ2 - value (df = 1) Probability 
value 
A1f63 108 0.148 P > 0.05 
A1f71 108 32.85 P < 0.05 
A1f81 108 16.772 P < 0.05 
A1f102 108 22.097 P < 0.05 
A1f227 108 26.107 P < 0.05 
A1f238 108 16.772 P < 0.05 
A1f267 108 3.725 P > 0.05 
A2f129 108 0 P > 0.05 
A2f311 108 4.513 P > 0.05* 
E2f52 108 13.66 P < 0.05 
E2f157 108 18.458 P < 0.05 
E2f167 108 0.148 P > 0.05 
E2f186 108 7.342 P > 0.05* 
E2f261 108 24.055 P < 0.05 
E2f293 108 26.107 P < 0.05 
D2f105 108 3.725 P > 0.05 
D2f131 108 1.336 P > 0.05 
D2f379 108 1.336 P > 0.05 
D6f66 107 0.757 P > 0.05 
D6f222 107 0.757 P > 0.05 
D6f244 107 17.778 P < 0.05 
D6f291 107 1.583 P > 0.05 
C1f66 107 1.583 P > 0.05 
C1f248 107 27.447 P < 0.05 
C1f315 107 36.958 P < 0.05 
C1f327 107 1.132 P > 0.05 
C1f358 107 1.583 P > 0.05 
C1f442 107 29.669 P < 0.05 
B5f62 108 49.245 P < 0.05 




B5f106 108 0.593 P > 0.05 
B5f229 108 35.505 P < 0.05 
B5f245 108 9.625 P < 0.05** 
B5f260 108 3.014 P > 0.05 
B5f339 108 0.037 P > 0.05 
B1f59 108 2.379 P > 0.05 
B1f63 108 4.513 P > 0.05* 
B1f75 108 13.66 P < 0.05 
B1f107 108 0.593 P > 0.05 
B1f205 108 37.862 P < 0.05 
B1f266 108 35.505 P < 0.05 
B1f373 108 32.85 P < 0.05 
F6f81 108 4.513 P > 0.05* 
F6f274 108 0.037 P > 0.05 
F6f285 108 26.107 P < 0.05 
B3f113 108 6.321 P > 0.05* 
B3f121 108 22.097 P < 0.05 
B3f165 108 37.862 P < 0.05 
B3f169 108 0.593 P > 0.05 
B3f197 108 20.232 P < 0.05 
B3f247 108 3.014 P > 0.05 
B3f309 108 9.625 P < 0.05** 
B4f70 108 0.927 P > 0.05 
B4f147 108 3.014 P > 0.05 
B4f149 108 1.819 P > 0.05 
B4f264 108 4.513 P > 0.05* 
B4f311 108 26.107 P < 0.05 
D3f57 108 15.173 P < 0.05 
D3f62 108 3.725 P > 0.05 
D3f125 108 35.303 P < 0.05 
D3f176 108 28.255 P < 0.05 
D3f186 108 13.66 P < 0.05 
D3f204 108 4.513 P > 0.05* 
D3f213 108 15.173 P < 0.05 
D3f267 108 8.443 P > 0.05* 
D3f318 108 35.303 P < 0.05 
D3f353 108 6.321 P > 0.05* 
* Non-significant following Bonferroni correction (P > 0.05). 
** Distorted markers (P < 0.05 and P > 0.001). 
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APPENDIX E – Segregation analysis of 3:1 segregating AFLP markers 
(present in both parents) in the progeny, used for homology detection 
between the two parental maps 
 
 
Marker No. of progeny 
χ
2
 - value  
(df = 1) 
Probability 
value 
A1f51 180 1.23 P > 0.05 
A1f58 180 1.23 P > 0.05 
A1f66 180 0.79 P > 0.05 
A1f67 180 2.42 P > 0.05 
A1f100 180 5.98 P > 0.05* 
A1f165 180 1.23 P > 0.05 
A1f177 180 0.20 P > 0.05 
A1f203 180 5.98 P > 0.05* 
A1f208 180 0.79 P > 0.05 
A2f55 180 3.16 P > 0.05 
A2f158 180 5.98 P > 0.05* 
A2f272 180 4.68 P > 0.05* 
A2f441 180 0.20 P > 0.05 
B3f54 180 4.94 P > 0.05* 
B3f57 180 4.00 P > 0.05* 
B3f62 180 5.98 P > 0.05* 
B3f64 180 5.98 P > 0.05* 
B3f72 180 4.00 P > 0.05* 
B3f78 180 4.94 P > 0.05* 
B3f86 180 1.78 P > 0.05 
B3f88 180 0.20 P > 0.05 
B3f91 180 0.44 P > 0.05 
B3f92 180 4.94 P > 0.05* 
B3f96 180 1.78 P > 0.05 
B3f110 180 0.79 P > 0.05 
B3f120 180 4.94 P > 0.05* 
B3f135 180 4.94 P > 0.05* 
B3f156 180 1.23 P > 0.05 
B3f177 180 4.00 P > 0.05* 
B3f185 180 0.44 P > 0.05 
B3f192 180 3.16 P > 0.05 
B3f199 180 4.00 P > 0.05* 
B3f202 180 4.94 P > 0.05* 
B3f211 180 1.23 P > 0.05 
B3f238 180 0.44 P > 0.05 
B3f254 180 5.98 P > 0.05* 
B3f286 180 3.16 P > 0.05 
B3f291 180 0.00 P > 0.05 
B3f301 180 1.78 P > 0.05 
B3f306 180 4.00 P > 0.05* 




B3f313 180 5.98 P > 0.05* 
B4f63 180 3.16 P > 0.05 
B4f77 180 5.98 P > 0.05* 
B4f90 180 2.42 P > 0.05 
B4f91 180 2.42 P > 0.05 
B4f112 180 5.98 P > 0.05* 
B4f125 180 1.23 P > 0.05 
B4f174 180 3.16 P > 0.05 
B4f183 180 1.23 P > 0.05 
B4f203 180 2.42 P > 0.05 
B4f216 180 3.16 P > 0.05 
B4f226 180 0.44 P > 0.05 
B4f232 180 4.94 P > 0.05* 
B4f272 180 1.78 P > 0.05 
B4f278 180 1.78 P > 0.05 
B4f288 180 1.78 P > 0.05 
B4f302 180 4.00 P > 0.05* 
B4f326 180 4.00 P > 0.05* 
B4f437 180 1.23 P > 0.05 
B1f72 180 1.23 P > 0.05 
B1f90 180 1.23 P > 0.05 
B1f185 180 2.42 P > 0.05 
B5f53 180 0.05 P > 0.05 
B5f54 180 0.44 P > 0.05 
B5f61 180 5.98 P > 0.05* 
B5f67 180 3.16 P > 0.05 
B5f69 180 1.78 P > 0.05 
B5f152 180 1.78 P > 0.05 
B5f167 180 4.94 P > 0.05* 
B5f182 180 1.78 P > 0.05 
B5f451 180 1.23 P > 0.05 
C1f54 180 0.05 P > 0.05 
C1f139 180 1.78 P > 0.05 
C1f344 180 2.42 P > 0.05 
D6f61 180 1.23 P > 0.05 
D6f152 180 1.23 P > 0.05 
D6f165 180 2.42 P > 0.05 
D6f168 180 0.00 P > 0.05 
D6f212 180 0.79 P > 0.05 
D6f248 180 4.94 P > 0.05* 
D2f221 180 5.98 P > 0.05* 
D2f310 180 2.42 P > 0.05 
D3f63 180 3.16 P > 0.05 
D3f71 180 4.00 P > 0.05* 
D3f75 180 4.94 P > 0.05* 
D3f93 180 0.20 P > 0.05 
D3f97 180 2.42 P > 0.05 
D3f103 180 0.79 P > 0.05 
D3f122 180 2.42 P > 0.05 




D3f135 180 1.78 P > 0.05 
D3f136 180 4.00 P > 0.05* 
D3f164 180 1.78 P > 0.05 
D3f211 180 4.94 P > 0.05* 
D3f240 180 0.79 P > 0.05 
D3f250 180 1.78 P > 0.05 
D3f275 180 0.44 P > 0.05 
D3f441 180 5.98 P > 0.05* 
E2f59 180 3.16 P > 0.05 
E2f63 180 4.00 P > 0.05* 
E2f69 180 5.98 P > 0.05* 
E2f85 180 1.78 P > 0.05 
E2f86 180 4.00 P > 0.05* 
E2f92 180 3.15 P > 0.05 
E2f104 180 5.98 P > 0.05* 
E2f106 180 0.44 P > 0.05 
E2f114 180 3.16 P > 0.05 
E2f122 180 0.44 P > 0.05 
E2f147 180 4.00 P > 0.05* 
E2f173 180 4.00 P > 0.05* 
E2f180 180 0.05 P > 0.05 
E2f219 180 3.16 P > 0.05 
E2f250 180 0.44 P > 0.05 
E2f272 180 1.23 P > 0.05 
F6f90 180 5.98 P > 0.05* 
F6f95 180 2.42 P > 0.05 
F6f96 180 4.94 P > 0.05* 
F6f104 180 0.05 P > 0.05 
F6f120 180 1.78 P > 0.05 
F6f129 180 5.98 P > 0.05* 
F6f146 180 5.98 P > 0.05* 
F6f149 180 1.78 P > 0.05 
F6f159 180 4.00 P > 0.05* 
F6f163 180 3.16 P > 0.05 
F6f171 180 3.16 P > 0.05 
F6f190 180 3.16 P > 0.05 
F6f254 180 2.42 P > 0.05 
F6f293 180 2.42 P > 0.05 
F6f356 180 0.79 P > 0.05 
A1f86 180 8.35 P > 0.05* 
A1f137 180 8.35 P > 0.05* 
A1f208 180 0.79 P > 0.05 
D6f131 180 7.11 P > 0.05* 
D6f137 180 8.35 P > 0.05* 
D6f170 180 8.35 P > 0.05* 
D6f191 180 7.11 P > 0.05* 
D6f272 180 8.35 P > 0.05* 
B3f52 180 8.35 P > 0.05* 
B3f66 180 8.35 P > 0.05* 




B3f116 180 7.11 P > 0.05* 
B3f145 180 7.11 P > 0.05* 
B3f196 180 8.35 P > 0.05* 
B3f251 180 8.35 P > 0.05* 
B4f133 180 7.11 P > 0.05* 
B4f143 180 8.35 P > 0.05* 
B4f168 180 7.11 P > 0.05* 
B4f241 180 8.35 P > 0.05* 
B4f256 180 8.35 P > 0.05* 
B5f70 180 7.11 P > 0.05* 
B5f120 180 8.35 P > 0.05* 
B5f127 180 8.35 P > 0.05* 
B5f130 180 7.11 P > 0.05* 
B5f212 180 8.35 P > 0.05* 
B5f242 180 7.11 P > 0.05* 
C1f58 180 7.11 P > 0.05* 
D3f54 180 8.35 P > 0.05* 
D3f151 180 7.11 P > 0.05* 
E2f67 180 8.35 P > 0.05* 
E2f132 180 7.11 P > 0.05* 
E2f144 180 7.11 P > 0.05* 
F6f98 180 7.11 P > 0.05* 
F6f141 180 7.11 P > 0.05* 
F6f155 180 7.11 P > 0.05* 
* Non-significant following Bonferroni correction (P > 0.05). 
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Name Repeat Size (bp) Forward (F) and Reverse (R) Primer Label Allele nr Size Range (bp) Accession No. 
HmNR106D TG15 345 F: 5'  TCC TTG GCC AGA ATA ACC  3' Fam 16 329-389 DQ825709 
  
    R: 5'  TAT ATG GTC TGC ATC GCT G  3' 
  
      
  
      
  
      
HmNR136D CA11 254 F: 5'  GAG TAA TAT GGG CAC CTC G  3' Vic 20 211-309 DQ825710 
  
    R: 5'  GTT TGG AAT GTC TGA TTG GA  3' 
  
      
        
  
      
HmNR20M (TCC)5(TAC)7 229 F: 5'  CTA CAA CAA ACG CCG ATG  3' Fam 11 187-289 EF063097 
  
    R: 5'  TGC AGT AAT AGG GGT ACC AG  3' 
  
      
        
  
      
HmNR54H (TTAGGG)4 359 F: 5'  TAA CAC TAA GTC CCT CAC CC  3' Vic 10 329-407 EF063103 
  
    R: 5'  CAT TCT ACA TTC GAC ATT CG  3' 
  
      
        
  
      
HmNR120T (TGAG)23 304 F: 5'  TTG AGC ATG AGT CGT TGA GC  3' Pet 24 235-347 EF121745 
  
    R: 5'  ACC TGC TCT TTA GCT CAG ATG G  3' 
  
      
        
  
      
HmNR185D (GT)13 137 F: 5'  TAG AGT TCA TGT GTG TAC GTG TGC  3' Fam 11 132-160 EF121750 
  
    R: 5'  TAC CTG TAA CGC GCT TGC T  3'   
  
      
        
  
      
HmNR180D (GT)24 287 F: 5'  ACA AGG AGG CGT GAA ATC TGC  3' Vic 12 269-297 EF121748 
  
    R: 5'  GCA TTG TTA CCC CCT ACA AAG ACC  3' 
  
      
                
HmNR258R (CAA)11 250 F: 5'  GCA TCG CCT GAT TTG ATT C  3'   6 239-257 EF512272 
  
    R: 5'  CAG AAG GGT GGG TTG TAG TAT G  3' Pet       
  
      
  
      
HmNR281P (CTCAA)24 367 F: 5'  AAC CTT CAG TAA CCC ATG C  3'   21 225-375 EF512274 
  
    R: 5'  TGA ATA GGC ACC ATA AAG GG  3' Fam       
  
      
  
      
HmNR289P (GTTGT)5 305 F: 5'  GCA AGA CAG ACA TCC AAG AC  3' Pet 4 301-316 EF512275 
  
    R: 5'  TAC AAA TCC CGA CAC AAG AG  3' 
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         F6f284r     B5f263      B1f115      D2f272r     A1f61        
               E2f158r     C1f158r     C1f126r     A1f345      
A1f480r   
 
E2f158r   23.9  
          7.67 
 
B5f263    40.2  28.7  
          2.66  5.67 
 
C1f158r    -    34.5  53.0  
                3.86  1.08 
 
B1f115    63.2  52.0   -    29.1  
          0.52  1.17        5.50 
 
C1f126r    -    50.5   -    23.0  23.0  
                1.28        8.03  8.03 
 
D2f272r    -    56.9   -    53.0  52.0  35.9  
                0.81        1.08  1.17  3.50 
 
A1f345     -     -     -    39.1  45.6  31.6  49.8  
                            2.84  1.83  4.64  1.37 
 
A1f61      -     -     -    48.4  60.1  55.5   -    28.7  
                            1.50  0.65  0.90        5.67 
 
A1f480r   56.9  52.0   -    29.1  37.1  23.0   -    27.5  25.0  
          0.81  1.17        5.50  3.30  8.03        6.14  7.13 
 
A1268r     -     -     -    39.1   -    37.6   -    37.1  28.7  16.2  
                            2.84        3.16        3.30  5.67  12.09 
 
B3f203r    -     -     -    55.5   -    53.0  63.2  49.8  49.8  43.8  
                            0.90        1.08  0.52  1.37  1.37  2.09 
 
B3f151     -     -     -    55.5  54.4  40.7  54.4  47.5   -     -    
                            0.90  0.98  2.53  0.98  1.59             
 
B3f305     -     -     -     -     -     -     -     -     -     -    
                                                                     
 
 
         A1268r            B3f151       
                 B3f203r      
 
B3f203r   38.6  
          2.97 
 
B3f151     -       -    
                     
 
B3f305     -       -       42.0  
                           2.36 
 
APPENDIX G – LOD tables of maternal linkage groups generated by 
MAPMAKER 3.0.  For each pair of markers compared, the bottom 
number is the LOD score and the top number represents the 
centiMorgan distance 
Linkage group 1 
 




Linkage group 2 
Linkage group 3 
 
 
Linkage group 4 
         HmNR54H     D3f298       
               D3f256      B4f123   
 
D3f256
    43.8  
          2.09 
 
D3f298
    52.0  34.0  
          1.17  4.01 
 
B4f123
    63.2  52.0  26.3  
          0.52  1.17  6.62 
 
A2f470
     -    63.2  56.9  43.8  
                0.52  0.81  2.09 
 
         
B3f215r     HmNR281P    B4f161      
               D2f107r     B3f227       
 
D2f107r
   40.2  
          2.66 
 
HmNR281P
   -    17.5  
               11.16 
 
B3f227
     -    31.4  29.1  
                4.80  5.50 
 
B4f161
     -     -     -    34.0  
                            4.01 
 
HmNR120r
  63.2  52.0   -    56.9  13.3  
          0.52  1.17        0.81  14.42 
 
         
D2f103      A2f180      A2f216        D2f180       




    -    
               
 
A2f180
    42.0  40.2  
          2.36  2.66 
 
D2f161
    60.1  34.0  26.3  
          0.65  4.01  6.62 
 
A2f216
    63.2  38.6  38.6  30.1  
          0.52  2.97  2.97  5.22 
 
HmNR106r
  54.4  34.0  40.2  34.0   2.8  
          0.98  4.01  2.66  4.01   26.56 
 
D2f180
    52.0  38.6  42.0  32.7   7.5    4.6  
          1.17  2.97  2.36  4.39   20.13  23.72 
 
E2f75
      -    54.4  60.1    -    26.3   25.0   23.9  
                0.98  0.65         6.62   7.13   7.67 
 





Linkage group 5 
 
Linkage group 6 
 
Linkage group 7 
 
Linkage group 8 
 
         
B3f273      D6f296       
               B4f398      B4f243
    
 
B4f398
    38.6  
          2.97 
 
D6f296
     -    38.6  
                2.97 
 
B4f243
     -    37.1  60.1  
                3.30  0.65 
 
A2f155
     -     -     -    27.5  
                            6.14 
         
B3f295       
                 B3f143
    
 
B3f143
    35.6  
          3.64 
 
D2f206r
   45.6    40.2  
          1.83    2.66 
 
         
E2f270       
                 C1f51r
    
 
C1f51r
    33.1  
          4.24 
 
C1f93r
    55.5    40.7  
          0.90    2.53 
         A2f261r       B3f58        




    63.2  
          0.52 
 
B3f58
     43.8  17.4  
          2.09  11.38 
 
B3f179r
   60.1  45.6   35.6  
          0.65  1.83   3.64 
 
B3f273r
    -     -       -    38.6  
                              2.97 
 




Linkage group 9 
 
 
Linkage group 10 
 
 










         
HmNR20M
      
                
A2f472r
   35.6  
          3.64 
 
          
          
A2f377
      
                
F6f109r
   30.1  
          5.22 
                 
 
 
         
D6f162
      
                
B3f162r
   19.4  
          10.04 
                
 
                    
         
D2f238
       
                
B5f79
    15.3  
         12.84 
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APPENDIX H – LOD tables of paternal linkage groups generated by 
MAPMAKER 3.0.  For each pair of markers compared, the bottom 
number is the LOD score and the top number represents the 
centiMorgan distance 
 
Linkage group 1 
 
Linkage group 2 
 
 
Linkage group 3 
 
         B5f245      D3f204       
               B5f260      D3f353
    
 
B5f260
    38.6  
          2.97 
 
D3f204
    60.1  40.2  
          0.65  2.66 
 
D3f353
     -    47.5  23.9  
                1.59  7.67 
 
E2f167
     -    60.1  35.6  32.7  
                0.65  3.64  4.39 
 
 
         
A1f267      C1f327      B1f59       
               C1f66       C1f358       
 
C1f66
     27.7  
          5.96 
 
C1f327
    23.0  11.4  
          8.03  15.90 
 
C1f358
    26.5  14.4  10.4  
          6.44  13.38 16.82 
 
B1f59
     40.2  29.1  21.9  25.4  
          2.66  5.50  8.60  6.95 
 
E2f186r
    -    37.6  53.0  50.5   -    
                3.16  1.08  1.28       
 
 
         B4f70r       
                 D6f66r    
 
D6f66r    43.8  
          2.09 
 
HmNR180D  63.2    17.4  
          0.52    11.38 
 




Linkage group 4 
 
 
Linkage group 5 
 
Linkage group 6 
 
Linkage group 7 
 





         
B3f113r
     
                
B4f147
    40.2  
          2.66 
 
 
         
B4f149r
     
                
HmNR281P
  37.6  
          3.16 
 
         
B3f247
       





  17.4  
          11.38 
 
D6f222
    32.7     20.5  
          4.39     9.41 
 
 
         
B4f264
      
                
HmNR258R
  35.6  
          3.64 
 
 
         
HmNR136r
    
                
D3f62
     26.3  
          6.62 
 
 
         
D2f105r
     
                
F6f274
    25.0  
          7.13 
 
 
         
B3f309
      
                
A2f311
    14.3  
          13.61 
 
Linkage group 10 Linkage group 9 
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